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ABSTRACT 


The  objective  of  this  program  was  to  develop  a  methodology  for  investigating  the 
thermo-mechanical  interactions  between  coatings  and  substrates  in  advanced  oxidation 
resistant  carbon-carbon  composites.  This  methodology  was  to  be  utilized  to  suggest  thermo- 
mechanically  compatible  material  solutions  for  reducing  the  susceptibility  of  these  materials 
to  oxidation  attack,  or  for  controlling  the  rate  of  oxygen  influx  to  the  substrate  by  controlling 
the  development  of  microcracks  in  the  primary  oxygen  barrier  -  the  external  CVD  coating. 

At  any  temperature,  the  oxidation  rate  of  carbon-carbon  composites  is  controlled  by 
the  oxidation  rate  of  the  base  substrate  and  by  the  rate  at  which  oxygen  reaches  the 
substrate  via  defects  (cracks)  in  the  external  coating.  Current,  and  proposed,  advanced 
carbon-carbon  oxygen  protection  systems  seek  to  extend  oxidation  life  by  modifying  both 
controlling  mechanisms,  i.e.,  by  active  and  passive  substrate  oxidation  inhibition  concepts, 
and  by  active  and  passive  crack  management  concepts.  Substrate  inhibition  concepts  which 
have  been  utilized,  or  proposed,  include:  particulate  matrix  inhibitors,  matrix  modifiers,  matrix 
crack  fillers,  and  fiber  coatings.  Coating  crack  management  concepts  have  included;  crack 
sealers,  multi-layer  coatings,  modified  interface  layers,  and  thermal  cycling. 

Thermo-mechanical  interactions  are  very  important  in  the  carbon-carbon  oxidation 
process.  A  major  reason  for  the  difficulty  in  finding  an  effective  long-life  oxidation  resistant 
carbon-carbon  coating  lies  in  the  large  mismatch  in  thermal  expansion  between  the  substrate, 
and  the  coatings.  Given  this  interaction,  it  is  important  that  the  thermo-mechanical  effects 
of  proposed  oxidation  concepts  be  considered  during  the  material  selection  process.  Materials 
which  either  increase  the  mismatch  in  thermal  expansion  or  induce  large  stresses  in  the 
substrate  or  coating  should  be  avoided,  e.g.,  crack  fillers,  or  fiber  coatings  will  be  ineffective 
if  they  debond  or  generate  new  cracks. 

During  the  course  of  the  program,  two  model  sets  were  developed:  The  Micro- 
Mechanics  of  Oxidation  Protection  (MMOP)  model  and  the  Crack  Management  (CM)  model. 
The  MMOP  model  used  cloSed-form  classical  micromechanics  solutions  to  study  the  impact 
of  various  oxidation  concepts  on  substrate  thermo-mechanical  properties.  MMOP  concepts 
evaluated  included  matrix  fillers,  crack  fillers,  and  fiber  coatings.  The  predominant  effect  of 
these  material  modifications  was  to  significantly  increase  the  matrix  dominated  properties  of 
the  substrate  and  increase  the  thermal  expansion  coefficient.  SiC  was  the  most  effective 


material  in  this  regard.  Model  predictions  were  correlated  against  experimental  data  from 
current  generation  carbon-carbon  materials. 

The  (CM)  model  was  based  on  conservation  of  energy  principles,  and  was  developed 
to  study  the  impact  of  substrate  and  coating  material  parameters  on  the  initiation  and 
development  of  the  coating  crack  network  during  the  processing  cycle.  It  was  confirmed  that 
the  coating:substrate  thermal  expansion  ratio  was  the  single  most  important  factor  driving 
crack  initiation,  and  that  coating  material  toughness  determined  the  number  of  cracks.  Both 
of  these  effects  were  quantified.  This  would  indicate  a  preferred  CM  strategy  of  high 
expansion  substrates  and  low  expansion,  low  toughness,  coatings.  Results  from  the  model 
were  validated  against  crack  pattern  measurements  acquired  during  the  parallel  experimental 
program. 

The  MMOP  and  CM  models  provide  a  powerful  set  of  tools  for  use  in  the  development 
of  oxidation  resistant  carbon-carbon  composites  and  coatings.  In  addition,  the  constitutive 
nature  of  these  codes  renders  them  applicable  to  other  composite  types  where  there  is  an 
interest  in  fiber  coatings,  matrix  cracks,  and  matrix  modifiers,  particularly  ceramic  matrix  and 
metal  matrix  composites. 
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PREFACE 


This  report  represents  the  results  of  a  study  performed  under  Air  Force  Office  of 
Scientific  Research  (AFOSR)  Contract  Number  F49620-92-C-0024.  The  Contract  Monitor  at 
AFOSR  was  Dr.  Walter  Jones.  Dr.  B.W.  Rosen  was  the  Program  Manager  at  Materials 
Sciences  Corporation  (MSC),  with  Dr.  Mark  L.  Jones  as  Principal  Investigator.  Prof.  Zvi 
Hashin  acted  as  an  internal  consultant  and  technical  advisor.  Mr.  Jerry  Rubinsky  performed 
the  MicroMechanics  of  Oxidation  Protection  (MMOP)  studies  and  encoded  the  models 
developed  under  this  activity.  Mr.  Guido  Teti  encoded  the  Crack  Management  model  and 
performed  the  parametric  material  sensitivity  studies  supported  by  Dr.  Sailen  Chatterjee. 
Messrs.  Michael  Bidinger  and  Thomas  Cassin  provided  technical  support  with  regard  to  finite 
element  modeling.  The  experimental  microstructural  characterization  work  was  performed  by 
Prof.  Steve  Yurgartis  at  Clarkson  University,  Potsdam,  NY. 
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1.0  INTRODUCTION  AND  BACKGROUND 


1.1  PROGRAM  DEFINITION 


The  objectives  of  this  program  were  two  fold:  1).  To  develop  a  methodology  for 
evaluating  the  impact  of  various  oxidation  protection  schemes  on  the  thermo-mechanical 
properties  of  carbon-carbon  substrate  materials;  and  2).  To  determine  the  interactions 
between  substrate  thermo-mechanical  properties  and  coating  material  parameters  which  drive 
the  initiation  and  development  of  the  microcrack  pattern  in  the  external  oxidation  resistant 
ceramic  coatings. 

Analytical  work  was  conducted  in  two  areas:  The  development  of  a  Micro-Mechanics 
of  Oxidation  Protection  (MMOP)  model  to  study  substrate  properties,  and  the  development 
of  a  Crack  Management  (CM)  model  to  investigate  coating  microcracking.  A  schematic 
representation  of  these  models  and  how  they  may  be  used  in  an  integrated  analysis  of 
substrate/coating  interactions  is  given  in  Figure  1 . 
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In  support  of  the  analytical  activities  at  MSC,  a  parallel  experimental  program  was 
conducted  by  Prof.  Steve  Yurgartis  of  Clarkson  University,  Potsdam,  NY ,  under  a  subcontract 
agreement  with  MSC.  The  objective  of  the  Clarkson  program  was  to  perform  quantitative 
microstructural  characterization  of  the  crack  networks  within  the  substrate  and  external 
coatings.  This  data  was  necessary  for  validation  of  the  MSC  MMOP  and  CM  models.  In  order 
to  accomplish  this  objective,  third  generation  (state-of-the-art  as  of  2/92)  coated  oxidation 
resistant  carbon-carbon  (ORCC)  materials  were  procured  from  Rohr  Inc.  (Chula  Vista,  CA)  for 
coating  at  BFGoodrich  (Brecksville,  OH).  A  series  of  preliminary  studies  were  performed  on 
Chromalloy  (Orangeburg,  NY)  coated  Hitco  (Gardena,  CA)  substrate  material. 

1.2  CARBON-CARBON  OXIDATION  PROTECTION 

Over  the  last  10  years,  carbon-carbon  composites  have  received  much  attention  as 
candidate  materials  for  use  in  a  number  of  high  temperature  turbine  engine  and  airframe 
applications.  The  reason  for  this  interest  lies  in  carbon-carbon's  unique  combination  of  high 
specific  strength,  good  specific  stiffness,  and  low  creep  rate  and  retention  of  these 
characteristics  up  to  4000 °F.  However,  excellent  as  these  properties  may  be,  carbon-carbon 
suffers  from  one  major  disadvantage:  in  the  unprotected  state,  in  an  oxidizing  environment, 
carbon-carbon  materials  begin  to  oxidize  at  temperatures  as  low  as  800°F  [1].  The  carbon 
oxidation  reaction  gives  rise  to  gaseous  products  (CO  and  C02)  and  an  associated  mass  loss. 
Onset  of  oxidation  is  accompanied  by  a  very  severe  loss  in  mechanical  properties  with  as  little . 
as  2%  mass  loss  causing  a  20%  loss  in  axial  strength,  and  a  50%  loss  in  matrix  dominated 
strength  properties  [2].  Thus,  the  application  of  carbon-carbon  in  high  temperature  oxidizing 
environments  requires  the  application  of  various  oxidation  protection  schemes.  These 
oxidation  schemes  include  some  form  of  external  oxidation  resistant  coating  as  the  primary 
oxygen  barrier,  and  some  form  of  oxidation  "inhibitors"  distributed  within  the  matrix. 

Typical  mechanical  properties  for  a  structural  carbon-carbon  material  and  candidate 
coating  material  (SiC)  are  given  in  Table  1.  It  may  be  seen  that  in  comparison  to  SiC,  the 
carbon-carbon  substrate' has  a  relatively  low  elastic  modulus,  and  very  low  coefficient  of 
thermal  expansion  (CTE). 
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Table  1.  Typical  properties  for  Carbon-Carbon  and 
Silicon  Carbide  Coating  Material. 


PROPERTY 

CARBON-CARBON 

SUBSTRATE 

SiC  COATING 
MATERIAL 

Modulus,  Msi 

12-18 

60 

Thermal  Expansion, 
10-6/°F 

-0.5  @  70°F 

1.4  @  2000°F 

2.2 

As  a  result  of  this  property  mismatch,  it  is  very  difficult  to  fabricate  and  maintain 
adherent/coherent  silicon  carbide  based  coatings  on  carbon-carbon  materials  exposed  to 
repeated  elevated  temperature  thermal  cycling.  During  cooldown  from  typical  coating 
conditions  («  2000°F)  the  differential  thermal  expansions  of  coating  and  substrate  tend  to 
produce  high  tensile  stresses  in  the  brittle  ceramic  coating,  and  compressive  stresses  in  the 
substrate.  Under  the  action  of  these  tensile  stresses,  the  coating  exhibits  multiple  failures 
which  manifest  in  the  form  of  a  network  of  fine  microcracks  along  the  coating  surface.  These 
microcracks  then  act  as  defect  sites  for  oxygen  penetration  and  oxidation  of  the  carbonaceous 
substrate.  As  carbon  oxidation  occurs  with  no  solid . products  of  reaction,  there  is  no 
passivation  mechanism  which  might  seal,  or  close,  these  cracks,  and  the  oxidation  reaction 
continues  unimpeded  until  all  the  substrate  material  is  consumed  leaving  a  hollow  shell  of 
coating  as  observed  in  [3]. 

As  a  result  of  such  experiences,  it  was  very  quickly  realized  in  the  development  of 
oxidation  resistant  carbon-carbon  materials,  that  external  coatings,  alone,  could  not  provide 
reliable  oxidation  protection  for  long-life  applications.  These  coatings  were  very  effective  as 
first-level  oxygen  barriers,  but  strategies  were  required  to  protect  the  substrate  from  oxidation 
via  penetration  through  the  coating  microcrack  network.  These  strategies  include: 

Matrix  Fillers  -  Substrate  Inhibition 

The  concept  of  adding  chemical  species  that  reduce  or  inhibit  the  susceptibility  of  carbon 
oxidation  has  been  practiced  for  many  years  [4,  5,  6].  It  has  been  shown  that  within  the 
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carbon-carbon  substrate  the  amorphous  carbon  matrix  is  more  susceptible  to  oxidation  than 
the  highly  graphitic  reinforcement  phase  [7].  In  consequence,  most  of  the  approaches  for 
improving  the  oxidation  resistance  of  the  substrate  have  relied  on  adding  fillers  and  chemical 
species  to  the  matrix  phase  [8]. 

Matrix  Crack  Fillers 

Carbon-carbon  substrates  are  generally  highly  cracked.  The  type  and  orientation  of 
these  cracks  is  shown  in  Figure  2.  These  cracks  are  a  result  of  both  volumetric  shrinkages 
of  the  matrix  precursor  material  during  carbon-carbon  processing,  and  of  the  multiple  high 
temperature  cycles  involved  in  the  process.  Within  the  matrix  these  cracks  have  an  adverse 
affect  on  the  substrate  oxidation  rate;  not  only  do  they  provide  a  penetration  path  for  oxygen 
ingress,  but  they  also  increase  the  surface  area  of  exposed  carbon  for  oxidation.  Thus,  one 
of  the  strategies  proposed  for  improving  the  oxidation  resistance  of  the  substrate  is  to  fill 
these  cracks  with  oxidation  resistant  materials  such  as  silicon  carbide,  silicon  nitride,  or  boron 
carbide. 


Fiber  Coatinc 


While  it  has  been  noted  that  the  graphite  fibers  are  less  susceptible  to  oxidation  than  the 
amorphous  carbon  matrix  material,  the  strength  properties  of  the  fibers  are  very  sensitive  to 
even  small  amounts  of  oxidation  attack.  As  the  value  of  the  composite  lies  primarily  in  its 
fiber-dominated  strength  properties,  the  application  of  oxidation  resistant  coatings  to  the 
fibers  represents  a  strategy  for  reducing  the  effects  of  oxidation  on  mechanical  properties  and 
perhaps  increasing  survivability  under  given  oxidation  conditions  [9]. 


As  previously  mentioned,  oxidation  of  the  substrate  material  is  controlled  by  ingress  of 
oxygen  through  the  microcrack  network  in  the  external  ceramic  coating.  The  development 
of  this  crack  network  is  a  function  of  the  difference  in  thermo-mechanical  properties  of  the 
carbon-carbon  substrate  and  the  ceramic  coating.  The  strategies  proposed  for  improving  the 
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Figure  2.  A  schematic  illustration  of  the  typical  damages  found  in  an  as-processed 
ORCC  substrate  material. 


oxidation  resistance  of  C-C  materials  are  based  primarily  on  thermo-chemical  considerations. 
However,  the  addition  of  ceramic  materials  to  the  C-C  substrate  in  the  form  of  fillers,  crack 
sealers,  or  fiber  coating  will  tend  to  change  the  thermo-mechanical  properties  of  the  substrate 
which  will,  in  turn,  have  an  affect  on  the  coating  crack  formation,  which  will  affect  the 
substrate  oxidation  rate. 

The  root-cause  of  the  ORCC  oxidation  problem  is  a  mismatch  in  thermo-mechanical 
properties  between  the  substrate  and  the  viable  oxidation  protection  coatings.  Thus,  it 
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behooves  the  Materials  Scientist  recommending  changes  to  the  basic  coating  substrate  or 
coating  components,  based  on  thermo-chemical  considerations  alone,  to  be  aware  of  the 
impact  of  these  changes  in  terms  of  the  thermo-mechanical  interactions  as  well.  Materials 
solutions  which  appear  attractive  based  on  thermo-chemical  considerations,  may  have  a 
deleterious  effect  on  oxidation  based  on  an  undesirable  change  in  the  thermo-mechanical 
factors. 

Thus,  the  objective  of  this  program  was  to  develop  the  tools  whereby  the  impact  of 
these  various  ORCC  material  strategies  may  be  determined  with  respect  to  changes  in  the 
substrate  properties,  and  how  these  changes  in  substrate  properties  may  be  interpreted  in 
changes  to  the  development  of  cracks  in  the  coating. 

The  results  and  findings  from  the  experimental  program  conducted  at  Clarkson 
University  will  be  discussed  first.  The  Clarkson  results  will  be  drawn  upon  heavily  during 
discussion  of  the  MMOP  and  CM  models. 
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2.0  MICROSTRUCTURAL  CHARACTERIZATION 


The  purpose  of  this  experimental  activity,  performed  at  Clarkson  University  (under  the 
direction  of  Prof.  Steve  Yurgartis),  waste  provide  quantitative  microstructural  information  on 
the  carbon-carbon  substrates  and  coatings  to  support  the  analytical  model  development. 

During  the  course  of  this  activity,  a  total  of  seven  carbon-carbon  coupons  were 
evaluated  in  the  coated  and  uncoated  condition.  These  coupons  represented  the  general 
state-of-the-art  in  ORCC'materials  systems  as  of  1 992.  They  included  two  different  substrate 
materials  and  process  types  (Hitco  -CVI,  and  Rohr  LOPIC);  and  two  different  coating  systems 
(a  multi-layer  B4C/SiC  coating  from  Chromalloy,  and  a  single  layer  SiC  from  BFGoodrich).  A 
summary  of  the  materials  evaluated  is  given  in  Table  2.  Low  magnification  metallographic 
cross-sections  of  the  seven  material  types,  including  the  coating,  are  given  jn  Figures  3 
through  9. 

2.1  SUBSTRATE  MICROSTRUCTURE 

A  generalized  schematic  of  the  substrate  microstructure  with  typical  features  indicated 
was  given  in  Figure  2.  Each  of  the  substrate  materials  examined  had  a  distinct  and  well 
defined  crack  pattern  with  and  between  the  fiber  bundles.  These  cracks  were  in  the  form  of 
transverse  yarn  bundle  cracks  within  the  bundles,  and  interface  cracks  between  the  bundles. 
Typical  transverse  bundle  crack  length  distributions  and  crack  orientations  for  specimen 
1652-16  (for  two  section  orientations  parallel  to  the  fiber  axes)  are  given  in  Figures  10  and 
11.  It  may  be  seen  that  the  average  transverse  bundle  crack  length  was  0.004  ins.  with  a 
90°  orientation,  i.e.,  the  "bundle  cracks  were  approximately  half  the  bundle  height  and  were 
perpendicular  to  the  plane  of  the  plate. 

Bundle  cracking  was  not  observed  in  the  longitudinal  bundle  direction  indicating  that  all 
matrix  shrinkage  during  processing  takes  place  in  the  transverse  bundle  direction.  Shrinkage 
in  the  longitudinal  direction  is  constrained  by  the  presence  of  the  fiber  bundles  oriented  in  that 
direction.  The  presence  of  the  woven  fiber  reinforcement  constrains  the  free  volumetric 
shrinkage  of  the  resin  during  pyrolysis  to  a  2D  plane  perpendicular  to  the  fiber  bundles.  This 
plane  is  coincident  with  the  orientation  of.  the  transverse  bundles  which  are  able  to  crack  in 
an  unconstrained  manner. 
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Table  2.  A  Summary  of  the  Specimens  Examined  and  the  Measurements  Made. 


SPECIMEN 

IDENTIFICATION 

DESCRIPTION 

MICROSTRUCTURAL  DATA 

1515-10 

Coating:  Chromalloy  RT42  (Multi- 
Layer  B4C  and  SiC) 

Coating:  Thickness,  Crack  Type, 
Crack  Spacing,  Crack  Area 

Substrate:  Hitco  CC139,  Uninhibited 

Substrate:  None 

1652-16 

Coating:  Chromalloy  RT42 

Coating:  Thickness,  Crack  Type, 
Crack  Spacing,  Crack  Area 

Substrate:  Hitco  CC1 39  EH  -  • 

Inhibited,  5HS  Weave 

Substrate:  Bundle  crack  Lengths 
and  Orientations,  and  Densities 

Panel  1-WA-21 

Coating:  BFGoodrich  SiC 

Coating:  Thickness,  Crack  Type, 
Crack  Spacing,  Crack  Area 

Substrate:  Rohr  Uninhibited,  8HS 
Weave,  2650°C  Heat  Treat 

Substrate:  Porosity,  Bundle 

Porosity,  Bundle  crack  Lengths 
and  Orientations,  and  Densities 

Panel  20-WA-1 1 

Coating:  BFGoodrich  SiC 

Coating:  Thickness,  Crack  Type, 
Crack  Spacing,  Crack  Area 

Substrate:  Rohr  Uninhibited,  8HS 
Weave,  2150°C  Heat  Treat 

Substrate:  Porosity,  Bundle 

Porosity,  Bundle  crack  Lengths 
and  Orientations,  and  Densities, 

Fiber  Fract. 

Panel  31-WA-11 

Coating:  BFGoodrich  SiC 

Coating:  Thickness,  Crack  Type, 
Crack  Spacing,  Crack  Area 

Substrate:  Rohr,  62%  Inhibitor,  8HS 
Weave,  2650®C  Heat  Treat 

Substrate:  Porosity,  Bundle 

Porosity,  Bundle  crack  Lengths 
and  Orientations,  and  Densities, 

Fiber  Fract. 

Panel  62-WA-1 1 

Coating:  BFGoodrich  SiC 

Coating:  Thickness,  Crack  Type, 
Crack  Spacing,  Crack  Area 

Substrate:  Rohr,  15%  SiC  Whiskers, 
8HS  Weave,  2150°C  Heat  Treat 

Substrate:  Porosity,  Bundle 

Porosity,  Bundle  crack  Lengths 
and  Orientations,  and  Densities, 

Fiber  Fract. 

Panel  137-WA-11 

Coating:  BFGoodrich  SiC 

Coating:  Thickness,  Crack  Type, 
Crack  Spacing,  Crack  Area 

Substrate:  Rohr  40%  Inhibitor,  Plain 
Weave,  2150°C  Heat  Treat 

Substrate:  Porosity,  Bundle 

Porosity,  Bundle  crack  Lengths 
and  Orientations,  and  Densities, 

Fiber  Fract. 

8 


9 


Figure  3.  A  polished  metallographic  cross-section  of  Hitco  Specimen  1515  showing  the  cracked  substrate,  and 
the  layered  ceramic  overcoat  with  cracks. 
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Figure  4.  A  polished  metallographic  cross-section  of  Hitco  Specimen  1652  showing  the  cracked  substrate,  and 
the  layered  ceramic  overcoat  with  cracks. 


Figure  5.  A  polished  metallographic  cross-section  of  a  coated  coupon  from  Rohr  panel  No. 
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Figure  6.  A  polished  metallographic  cross-section  of  a  coated  coupon  from  Rohr  panel  No.  20. 
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Figure  7.  A  polished  metallographic  cross-section  of  a  coated  coupon  from  Rohr  panel  No.  31. 


Figure  8.  A  polished  metallographic  cross-section  of  a  coated  coupon  from  Rohr  panel  No.  62. 


15 


Figure  9.  A  polished  metallographic  cross-section  of  a  coated  coupon  from  Rohr  panel  No.  137. 


Crack  Length  Distribution 

Transverse  Bundle  Cracks  -  Specimen  1652-16  -  X 
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Average  Crack  Length  (mm)  =  0.1051 
Standard  Deviation  =  0.1368 
Total  Effective  Count  =  333.4 
Length  Density  (mm'^)  =  1.225 
Number  Density  (mm'^)  =  1 1.66 


Figure  10.  The  measured  substrate  transverse  crack  length  distribution  found  in 
Hitco  coupon  1652-16. 


The  Rohr  materials  (Panels  1 , 20,  31 , 62,  and  1 37)  were  subject  to  a  closer  examination 
than  the  Hitco  coupons,  including  a  quantification  of  the  degree  of  substrate  porosity,  and  a 
qualitative  description  of  the  substrate  condition. 

The  data  in  Table  3  confirms  the  tendency  for  transverse  bundle  cracking  rather  than 
interface  bundle  cracks.  It  also  would  indicate  that  transverse  bundle  cracking  is  much  more 
prevalent  in  the  pitch-resin  densified  Rohr  materials  (panel  1 )  than  in  the  chemical  vapor 
infiltration  (CVI)  densified  Hitco  materials  (coupon  1652). 

In  addition  to  the  measurements  made  as  shown  in  Tables  3  and  4,  the  following 
observations  were  made  on  the  materials  from  Rohr  Inc. 
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Crack  Orientation  Distribution 

Transverse  Bundle  Cracks  -  Specimen  1652-16  -  X 


Orientation  Angle  (degrees) 


Figure  1 1 .  The  measured  substrate  transverse  crack  orientation  found  in  Hitco 
coupon  1 652-1 6. 


Table  3.  Substrate  Crack  Measurements  form  Three  Coupons 


SPECIMEN 

ID 

CRACK  TYPE 

AVG. 

LENGTH 

(mm). 

AVG. 

SPACING 

(mm). 

AVG. 

ORIENTATION 

(mm). 

CRACK 

DENSITY 

(cracks/mm^) 

1652-16 

Transverse 

0.208 

0..257 

90.8 

3.74 

Warp 

Interface 

0.057 

NA 

NA 

0.02 

1652-16 

Transverse 

0.269 

0.223 

87.3 

4.21 

Fill 

Interface 

.084 

NA 

99.7 

0.21 

Panel  1 

Transverse 

0.117 

NA 

95.6 

27.23 

Interface 

0.068 

NA 

38.3 

9.13 
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Table  4.  Measured  Values  of  Porosity  and  Fiber  Fraction  for  the  Rohr  Materials 


SPECIMEN  ID 

TOTAL  POROSITY 
(%) 

INTRABUNDLE  POROSITY 
(%) 

FIBER  FRACTION 
(%) 

1 

3.8 

3.5 

76 

20 

NA 

NA 

80 

31 

21.6 

19.1 

47 

62 

3.9 

0.2 

71 

137 

3.0 

2.3 

73 

Panel  1  (Figure  5) 


This  is  an  uninhibited  matrix  material,  i.e.,  no  particulates  were  added  to  the  matrix 
during  manufacture  to  improve  oxidation  resistance.  Very  few  yarn  interface  cracks  were 
observed,  and  there  was  very  little  fiber  pullout  during  polishing,  indicating  a  well-wetted 
fiber/matrix  interface.  The  material  appeared  to  have  moderate  density  with  a  general  low 
level  of  porosity  apart  from  the  transverse  bundle  cracks.  These  cracks  were  Well  developed, 
uniformly  spaced,  and  traversed  the  full  bundle  width. '  Material  had  a  high  fiber  volume 
fraction  with  few  matrix-rich  regions. 

Panel  20  (Figure  6) 

This  was  also  an  uninhibited  matrix  material,  and  as  with  Panel  1 ,  there  were  very  few 
yarn  interface  cracks  observed.  The  cracking  observed  was  comprised  of  very  regular,  fully 
developed,  but  narrowtransverse  bundle  cracks.  Overall  material  density  appeared  lower  than 
Panel  1 ,  but  still  only  moderate  porosity  was  observed  with  the  exception  of  a  number  of  large 
voids  at  the  yarn  bundle  interfaces.  Fiber  volume  fraction  was  high,  but  high  levels  of  fiber 
pullout  during  specimen  preparation  suggested  inadequate  wet-out  of  the  fiber/matrix 


interface. 


Panel  31  (Figure  7) 


Inhibited  matrix  material  appeared  dark  and  granular,  due  to  the  presence  of  the  filler 
particulates.  Two  phase  inhibitor  mixture  was  visible  as  irregular  flakes  and  granules  within 
the  matrix.  There  was  poor  penetration  of  the  inhibited  matrix  into  the  fiber  bundles,  and  the 
fiber  volume  fraction  was  lower  than  previous  materials.  Incomplete  penetration  of  matrix 
material  into  the  fiber  bundles  resulted  in  a  high  level  of  non-crack  porosity.  This  material  was 
noted  as  being  "unusual". 


Panel  62  (Figure  8) 

Although  the  data  sheet  does  not  specify  an  inhibited  matrix,  the  dark  granular  nature 
of  the  matrix-rich  regions  suggest  that  there  is  an  inhibitor  added.  The  SiC  whiskers  that  have 
been  added  to  the  matrix  are  not  visible  in  the  micrographs,  but  are  visible  under  the 
microscope  as  a  dark  second  phase  in  the  matrix.  Whiskers  appear  to  be  only  in  the  matrix 
external  to  the  fiber  bundles,  they  were  not  observed  to  be  within  the  fiber  bundles.  There 
are  large  matrix  rich  regions,  leading  to  a  relatively  low  overall  fiber  volume  fraction.  The 
extensive  fiber  pullout  during  specimen  preparation,  even  in  the  specimen  with  fluorescent 
epoxy  impregnation,  suggests  that  fiber/matrix  bonding  Is  poor.  The  porosity  is  quite  high, 
as  evidenced  by  the  fluorescence  micrographs.  Most  of  the  porosity  is  external  to  the  fiber 
bundles,  i.e.,  bundle  porosity  is  low  (Table  4).  Many  of  the  larger  voids  have  been  partially 
filled  with  additional  matrix;  this  matrix  is  not  inhibited,  and  has  been  through  a  carbonization 
cycle  as  evidenced  by  the  volumetric  shrinkage  that  has  caused  the  matrix  to  shrink  away 
from  the  original  void  walls.  There  is  a  moderate  density  of  narrow  transverse  bundle  cracks. 

Material  137  (Figure  9) 

Inhibited  matrix,  which  appears  also  within  the  fiber  bundles.  Large  matrix-rich  regions, 
and  consequent  moderate  fiber  volume  fraction.  Moderate  porosity;  on  par  with  typical 
carbon-carbons.  Very  few  yarn  interface  cracks.  A  well  developed  set  of  transverse  bundle 
cracks  that  are  quite  wide.  These  cracks  have  been  partially  filled  with  what  appears  to  be 
uninhibited  matrix  material;  subsequent  carbonization  has  caused  this  matrix  material  to  shrink 
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away  from  the  crack  walls,  leaving  partially  filled  cracks.  Spacing  of  transverse  bundle  cracks 
larger  than  typical.  There  is  moderate  cracking  at  the  fiber/matrix  interface,  and  appears  to 
be  good  fiber-matrix  integrity.  The  yarns  in  this  specimen  are  considerably  more  wavy  than 
in  the  other  specimens  as  indicative  of  the  plain  weave  graphite  fabric  used  for  panel  137, 
rather  than  the  8  harness  satin  material  used  for  all  other  panels. 

General  note:  All  these  materials  were  reinforced  with  Heat  Treated  T-300  graphite 
fibers.  Heat  treatments  were  either  2150°C  or  2650®C  as  noted  in  Table  2. 
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2.2  COATING  MICROSTRUCTURE 


General  Coating  Microstructure 

Figures  1 2  and  1 3  illustrate  section  views  of  the  coating  cracks.  Figure  1 4  shows  a 
view  of  a  polished  planar  section  of  the  coating,  with  a  fluorescent  epoxy  resin  infiltrated  into 
the  coating  cracks  to  highlight  them.  The  details  on  specimen  preparation  are  given  in  [10]. 

Of  particular  interest,  and  as  observed  in  all  the  coatings  sectioned,  was  the  presence 
of  partial  cracks  in  the  external  coatings,  as  may  be  seen  Figures  1 2  and  1 3.  Almost  all  these 
partial  cracks  were  found  to  start  at  the  coating-substrate  interface  and  were  arrested  before 
reaching  the  coating  surface.  This  observation  suggests  that  coating  cracks  nucleate  at  the 


Figure  1 2.  One  of  the  cracking  features  observed  in  the  dense  ceramic  overcoats 
was  separation  parallel  to  the  substrate  interface. 
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Figure  13.  Another  interesting  feature  of  the  overcoat  cracking  was  the  predomi¬ 
nance  of  partial  cracks  which  may  have  initiated  at  the  substrate  inter¬ 
face. 

coating  substrate  interface.  The  arrest  of  sharp  cracks  part  way  through  the  brittle  coating 
is  surprising,  and  not  yet  understood.  It  is  apparent  that  there  must  be  some  mechanism 
acting  for  stress  relief  other  than  continued  propagation  of  these  cracks. 

Another  interesting  observation  is  the  many  sub-layers  within  the  coating.  In  the  case 
of  Specimen  1 652  ,  one  of  the  sublayers  is  clearly  due  to  an  intentional  change  in  the  reaction 
gas  chemistry  (Figure  12).  However,  the  sublayers  are  also  found  in  specimens  1,  20,  31, 
62,  and  137  (Figure  13)  which  were  reported  to  have  been  coated  in  a  single  CVD  SiC  run. 
The  origin  of  the  sublayers  has  been  attributed  to  re-nucleation  of  crystallographic  orientation 
of  the  SiC  due  to  small  fluctuations  in  the  CVD  process  [1 1]. 


22 


Figure  14.  Fluorescent  penetrant  inspection  of  the  coating  crack  pattern  revealed  a 
generally  rectangular  crack  pattern  oriented  parallel  to  the  specimen  major 
axes. 


Also  of  interest  in  the  micrographs  is  the  observation  that  cracks  in  the  coating  often 
extend  into  the  substrate  (Figure  1 3).  This  occurs  for  transverse  cracks  which  can  extend  by 
relatively  weak  transverse  tensile  failure  of  the  adjacent  reinforcement  yarn. 

Coating  Thickness 

Coating  thickness  measurements  are  given  in  Table  5.  Coating  thicknesses  ranged  from 
302  microns  to  59  microns.  The  1,  20,  31,  62.  137  specimens  had  significantly  different 
coating  thicknesses  on  the  top  and  bottom  of  the  coupons  indicative  of  the  one  step  coating 
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process.  In  the  CVD  process,  the  specimen  surface  directly  exposed  to  the  reactant  gas  path 
(the  top  surface)  usually  receives  a  thicker  coating  deposit  than  the  surface  in  the  shadow  of 
the  gas  path. 


Table  5.  Measured  Coating  Thicknesses  -  All  Coupons 


SPECIMEN  ID 

SIDE  OR  LAYER 

AVG.  THICKNESS  (microns)’ 

STD.  DEV.  (microns) 

1515 

First  Layer 

64 

12 

All  Layers 

302 

39 

1652 

First  Layer 

66 

6 

All  Layers 

279 

28 

1 

A 

72 

7 

B 

147 

27 

20 

A 

142 

21 

B 

82 

20 

31 

A 

120 

17 

B 

59 

8 

62 

A 

194 

36 

B 

93 

9 

137 

A 

66 

7 

B 

112 

13 

1 .  Average  of  at  least  20  measurements 


Crack  Spacing  and  Lineal  Density 


Figure  1 5  gives  the  distribution  of  through-crack  spacing  for  specimens  1515  and  1 652. 
A  related  measure  of  crack  spacing  is  the  lineal  density;  these  measurements  are  reported  in 
Table  6.  In  some  cases  a  distinction  is  made  between  longitudinal  and  transverse  cracks. 


Crack  Orientation 


Figure  16  shows  the  orientation  distribution  of  the  maximum  feret  dimension,  i.e.,  the 
diagonal  length  of  a  crack  cell.  Of  particular  interest  in  this  figure  is  the  bimodal  distribution 
with  peaks  at  45°  and  135°;  this  quantifies  the  rectangular  nature  of  the  cells  and  their 
preferred  orientation  with  respect  to  the  weave  geometry  and/or  the  major  specimen  axes. 


Coating  Crack  Spacing 

Cross-sectional  View;  Type  3  Cracks 
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1515-10  A 
Average  =  0.608 
Standard  Deviation  =  0.198 
1515-10  B 
Average  =  0.642 
Standard  Deviation  =  0.246 
1652-16  A 
Average  =  0.554 
Stand^d  Deviation  =  0.233 
1652-16  B 
Average  =  0.768 
Standard  Deviation  -  0.396 


1.4  1.6 


Figure  1 5.  The  average  through  crack  (Type  3)  spacing  for  the  two  Hitco  coupons 
examined  was  between  0.55  and  0.77  mm  (20  -  30  mils). 
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Table  6.  Average  Lineal  Crack  Densities  -  All  Coupons. 


COUPON 

ID 

CRACK 

TYPE 

SIDE 

TRANSVERSE 
AVG.  LINEAL 
DENSITY 
(mm'^) 

LONGITUDINAL 
CRACK  AVG. 
LINEAL  DENSITY 
(mm"’) 

ALL  CRACKS 
AVG.  LINEAL 
DENSITY 
(mm"’ ) 

1515 

All 

NA 

3.78 

4.61 

4.41 

Full 

Through 

NA 

1.36 

1.66 

1.58 

1652 

All 

NA 

•4.19 

5.82 

4.71 

Full 

Through 

NA 

1.34 

1.86 

1.52 

1 

All 

B 

1.56 

4.54 

1.77 

All 

B 

2.22 

3.36 

2.41 

20 

All 

n 

1.56 

2.68 

2.48 

All 

B 

2.38 

3.47 

3.20 

31 

All 

1.78 

3.20 

2.99 

All 

B 

2.15 

3.46 

2.28 

62 

All 

A 

1.73 

2.21 

2.14 

All 

B 

1.58 

2.24 

1.64 

137 

All 

B 

2.02 

3.95 

2.88 

All 

B 

1.71 

3.06 

2.57 

Crack  Width 

Table  7  gives  the  average  crack  widths  for  all  of  the  specimens.  As  seen  in  the 
micrographs,  it  was  found  that  the  crack  width  was  uniform  across  the  whole  coating 
thickness,  so  no  distinction  was  made  in  terms  of  where  the  crack  width  was  measured,  i.e., 
at  the  top  or  bottom  of  the  crack.  A  distinction  was  made  between  transverse  and 
longitudinal  cracks,  since  there  appeared  to  be  an  effect  from  the  adjacent  substrate 
reinforcement  bundles.  The  implications  of  these  results  are  discussed  in  a  later  section. 
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Cell  Maximum  Feret  Dimension  Orientation 

Plan- View 
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Figure  1 6.  The  rectangular  orientation  of  the  crack  pattern  was  confirmed  by  the 
bimodal  distribution  of  the  maximum  feret  orientation  at  45°  and  135°. 


Figure  17  shows  the  distribution  of  crack  widths  in  specimens  1515  and  1652.  The 
distribution  of  crack  widths  is  quite  broad,  with  narrower  cracks  being  more  frequent  than 
wider  cracks.  The  latter  observation  suggests  that  there  are  even  finer  cracks  present,  below 
our  observation  resolution. 
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Table  7.  The  Average  Crack  Width  Data  -  All  Coupons 


SPECIMEN 

ID 

SIDE 

AVG.  CRACK  WIDTH, 
LONGITUDINAL 
(microns) 

AVG.  CRACK  WIDTH, 
TRANSVERSE 
(microns) 

AVG.  CRACK 
WIDTH,  ALL 
CRACKS  (microns) 

1515 

NA 

0.95 

1.96 

1.72 

1652 

NA 

0.98 

2.55 

2.05 

1 

A 

1.34  (std  0.69) 

3.27  (std  1.72) 

3.13 

B 

1.85  (std  0.89) 

2.96  (std  1.84) 

2.78 

20 

B 

1.74  (std  0.77) 

2.30  (std  1.11) 

1.84 

B 

1.42  (std  1.14) 

2.66  (std  1.23) 

1.73 

31 

B 

1.56  (std  0.79) 

4.12  (std  2.41) 

1.94 

B 

0.72  (std  0.56) 

2.96  (std  1.57) 

2.74 

62 

A 

2.51  (std  1.66) 

4.20  (std  1.05) 

2.77 

B 

2.34  (std  1 .09) 

3.84  (std  3.27) 

3.71 

137 

A 

1.45  (std  0.95) 

3.43  (std  1.64) 

2.55 

B 

1.55  (std  0.90) 

2.32  (std  1.08) 

1.83 

Crack  Area  Density 

Crack  area/unit  substrate  area  is  a  measure  of  the  exposed  substrate  area  due  to  cracks 
in  the  coating.  This  quantity  was  measured  in  two  ways.  For  specimens  1515  and  1652, 
the  availability  of  plan  view  data  made  possible  the  estimate  of  crack  area  density  by 
multiplying  the  measured  crack  length  (in  a  unit  substage  area)  by  the  average  crack  width. 
The  unavailability  of  plan  view  data  for  the  remaining  specimens  required  that  crack  area 
density  be  estimated  by  multiplying  the  crack  lineal  density  by  the  average  crack  width.  If  the 
crack  orientation  distribution  is  isotropic,  this  result  provides  a  good  estimate  of  crack  area 
density.  From  qualitative  observations  of  the  coating  crack  plan  view,  the  assumption  of 
isotropy  appears  reasonable  for  these  specimens. 
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Crack  Width 
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Figure  17.  Scanning  electron  microscopy  measurement  of  the  crack  widths  in  the 

Hitco  coupons  showed  average  widths  of.  the  order  of  1 .7  to  2.0  microns 
(0.065  to  0.08  mils). 


The  results  of  this  analysis  showed  a  crack  areal  density  of  between  0.005  and  0,01 3 
mm^/mm^  of  open  crack  area.  If  the  crack  area  density  is  predicted  simply  by  assuming  that 
all  of  the  thermal  strain  mismatch  between  coating  and  substrate  is  relieved  by  cracks  in  the 
coating,  the  predicted  crack  area  density  is  .0084  mm^/mm^.  This  calculation  was  made 
assuming  the  CTE  is  1  .Oe-6  for  the  substrate,  the  GTE  is  4.6e-6  for  the  SiC  coating,  and  that 
the  deposition  temperature  was  1100°C.  However,  even  with  these  assumptions,  it  is 
apparent  that  there  is  general  agreement  between  the  measured  crack  area  densities  and  the 
predicted  open  crack  areas  based  the  thermal  strain  considerations  only. 
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Correlation  of  Crack  Data 


Several  previous  analyses  have  suggested  that  the  coating  crack  pattern  (orientation, 
number,  and  width  of  cracks)  will  depend  on  the  coating  thickness  [10,1 11.  To  test  these 
analyses,  the  measured  crack  data  from  the  seven  coupons  examined  in  this  work  was 
correlated  against  coating  thickness  measurements.  Figures  18  and  19  show  lineal  crack 
density  against  coating  thickness,  for  cracks  adjacent  to  transverse  reinforcement  and 
longitudinal  reinforcement.  From  the  data  presented  in  these  figures,  it  would  appear  that 
there  was  no  strong  correlation  between  crack  spacing  and  coating  thickness,  for  either  crack 


Correlation  of  coating  crack  lineal  density  against  coating  thickness 
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Figure  18.  There  was  little  correlation  between  transverse  coating  crack  density  and 
coating  thickness  for  all  the  seven  coupons  examined. 
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Correlation  of  coating  crack  lineal  density  against  coating  thickness 


Figure  19.  There  was  little  correlation  between  longitudinal  coating  crack  density 
and  coating  thickness  for  all  the  seven  coupons  examined. 


type.  However,  it  should  be  noted  that  the  longitudinal  crack  density  is  approximately  twice 
as  large  as  the  transverse  crack  density. 

A  plot  of  the  percentage  of  through-cracks  as  a  function  of  coating  thickness  is  given 
in  Figure  20.  Unlike  the  previous  correlations,  the  results  presented  in  this  figure  do  show  a 
strong  inverse  dependence  on  coating  thickness.  As  coating  thickness  increases,  the 
likelihood  of  a  crack  penetrating  through  the  coating  decreases,  i.e.,  the  number  of  partial 
cracks  increases.  The  mechanism  of  partial  crack  formation  is  not  understood,  but  it  may  be 
related  to  multi-layer  coatings  whereby  cracking  in  the  first  layers  and  propagation  into  the 
substrate  provide  sufficient  strain  relief  to  limit  crack  propagation  through  the  coating  as 
subsequent  layers  are  deposited. 
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Correlation  of  partial  cracks  coating  cracks  to  coating  thickness 


Figure  20.  There  did  appear  to  be  an  inverse  correlation  between  coating  thickness 
and  crack  penetration. 

Figures  21  and  22  show  the  relationship  between  crack  width  and  coating  thickness. 
As  with  the  crack  spacing  data  there  is  no  strong  dependence  between  crack  width  and 
coating  thickness.  However,  it  should  be  noted  that  the  crack  width  of  longitudinal  cracks 
is  less  than  the  width  of  transverse  cracks.  Recalling  that  the  lineal  density  of  longitudinal 
cracks  was  higher  than  the  transverse  crack  density,  then  this  would  indicate  that  increased 
density  is  compensated  for  by  the  reduced  crack  width,  and  that  the  total  open  crack  area 
remains  constant.  This  difference  in  crack  width  may  be  related  to  the  modulus  of  the 
underlying  material.  Longitudinal  cracks  are  constrained  from  opening  freely  by  the  high 
stiffness  longitudinal  bundles,  while  the  transverse  cracks  are  less  constrained  by  the  low 
modulus  in  the  transverse  bundle  direction,  and  are  able  to  open  more  fully. 
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Correlation  of  coating  crack  width  to  coating  thickness 


Figure  21.  There  was  little  correlation  between  transverse  coating  crack  width  and 
coating  thickness  for  all  the  seven  coupons  examined. 


This  speculation  is  supported  by  Figure  23,  which  shows  the  coating  crack  areal  density 
plotted  against  coating  thickness.  This  figure  would  indicate  that  crack  area  density  is 
independent  of  coating  thickness.  Also  shown  on  the  Figure  23,  by  the  horizontal  dashed  line, 
is  a  predicted  open  crack  area  based  on  a  very  simple  assumption  that  the  total  thermal  strain 
mismatch  is  relieved  by  cracking. 
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Correlation  of  coating  crack  width  to  coating  thickness 


Figure  22,  There  was  little  correlation  between  longitudinal  coating  crack  width  and 
coating  thickness  for  all  the  seven  coupons  examined. 

2.3  SUMMARY 

Within  the  range  of  the  seven  coated  ORCC  coupons  evaluated,  two  general  conclusions 
may  be  reached  with  regard  to  the  substrate  crack  pattern  and  the  crack  network  in  the 
coatings; 

1 .  The  crack  area  density  results  provide  strong  evidence  that  there  is  a 
one-to-one  correspondence  between  the  open  crack  width,  and  the 
thermal  mismatch  strain  between  the  coating  and  substrate.  Within 
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Crack  Area  Density 


Correlation  of  crack  area  density  to  coating  thickness 
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Figure  23.  The  measured  open  crack  areas  generally  fell  within  the  range  of  expect¬ 
ed  values  based  on  consideration  of  the  thermal  strain  mismatch  between 
coating  and  substrate  on  cooldown  from  processing. 

the  range  of  specimens  examined  there  was  no  evidence  that  this 
cracking  could  have  been  avoided.  However,  there  were  differences 
in  the  details  of  the  coating  crack  morphology  about  which  crack 
management  strategies  may  be  developed. 

2.  Coating  thickness  did  not  appear  to  influence  the  coating  crack 
morphology  in  any  way,  except  for  the  likelihood  of  thicker  cracks  to 
form  partial  cracks.  The  presence  of  these  cracks  illustrate  an 
interesting  phenomenon,  i.e.,  crack  arrest  in  a  brittle  ceramic  materials. 


Coating  Thickness  (nm) 
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3.0  MICRO-MECHANICS  OF  OXIDATION  PROTECTION  (MMOP)  MODEL 


The  objective  of  the  MMOP  modeling  task  was  to  develop  a  set  of  tools  whereby  the 
impact  of  various  oxidation  protection  concepts  on  the  thermo-mechanical  response  of  carbon- 
carbon  substrates  could  be  determined.  Changes  in  the  substrate  thermo-mechanical 
properties  are  of  interest  for  optimization  of  structural  performance,  and  also  for  optimization 
of  external  coatings. 

The  development  of  a  modular  analysis  scheme  is  essential  to  the  utility  and  efficiency 
of  a  uniform  design  method.  The  development  of  analytical  models  for  the  design  and 
analysis  of  basic  (non-ORCC)  carbon-carbon  substrates  has  been  at  the  core  of  Materials 
Sciences  Corporation's  activities  over  the  last  20  years,  and  the  modular  framework  and  basic 
modules  are  already  In  existence,  as  described  in  [12,  13].  However,  there  is  the  need  to 
address  changes  in  substrate  properties  caused  by  ORCC  material  modifications  which  this 
program  addresses.  The  individual  features  of  the  ORCC  concepts  were  developed  as  add-on 
modules  to  the  existing  analysis  capability  which  may  be  turned  on  and  off  as  required. 
Incorporation  into  the  existing  framework  provides  a  vehicle  for  integration  of  the  MMOP 
results  into  a  macro-mechanics  analysis  as  required  for  investigation  of  substrate/coating 
interactions. 

During  the  course  of  this  program,  three  separate,  but  compatible  MMOP  modules  were 
developed: 

1 .  A  thermal  stress  analysis  module  for  determining  the  state  of  stress  in 
and  around  matrix  inclusions  (crack  fillers); 

2.  An  oriented  crack  module  for  predicting  the  effects  of  oriented  cracks 
(filled  and  unfilled)  on  the  fiber  bundle  and  the  composite  thermo¬ 
mechanical  properties;  and 

3.  A  coated  fiber  module  for  determining  the  effects  of  fiber  coating 
materials  and  thicknesses  on  the  ORCC  bundle  and  composite  thermo¬ 
mechanical  properties. 

The  details  of  these  modules  are  given  in  the  following  sections. 
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3.1  THERMAL  STRESS  OF  INCLUSIONS 


The  severe  temperature  cycles  and  very  large  volumetric  changes  associated  with 
pyrolysis  of  the  matrix  during  the  carbon-carbon  manufacturing  process  give  rise  to  a 
multiplicity  of  cracks  within  and  between  the  fiber  bundles  in  the  finished  composite,  as 
shown  in  Figure  2.  The  preferential  size,  shape,  and  orientations  of  these  cracks  was  fully 
documented  during  Prof.  Yurgartis'  activities  at  Clarkson,  as  described  in  the  previous  section. 

An  important  aspect  of  oxidation  protection  of  C-C  composites  is  the  filling  out  of 
internal  cracks  and  voids  with  SiC.  The  purpose  of  this  procedure  is  the  prevention  of 
oxidation  of  the  free  surfaces  of  the  cracks  and  voids.  It  is  well  known  that  cracks  and  voids 
in  homogeneous  materials  which  are  subjected  to  uniform  temperature  changes  do  not  9've 
rise  to  thermal  stresses.  The  cracks  and  pores  in  the  interstitial  matrix  are  sufficiently  large 
with  respect  to  microstructure  dimensions  to  regard  them  as  being  situated  in  a  homogeneous 
material.  This  is  also  true,  though  to  a  lesser  extent,  for  the  cracks  in  the  fiber  bundle.  Thus, 
uniform  temperature  changes  would  not  produce  thermal  stresses  of  any  significance  near 
these  cracks  and  voids. 

The  situation  becomes  entirely  different  when  these  voids  are  filled  in  with  SiC,  or  Si3N4 
(two  proposed  oxidation  protection  concepts)  for  now  they  become  high  expansion  inclusions 
in  a  low  expansion  matrix.  In  this  case,  temperature  changes  will  produce  internal  stresses. 
Tensile  thermal  stresses  at  the  inclusion/matrix  interface  may  produce  separation  of  inclusions 
from  the  matrix,  which  would  result  in  a  re-exposure  of  the  "sealed"  carbon  crack  surface  to 
oxidative  attack.  This  motivates  the  analysis  of  the  thermal  stresses  near  and  inside  the 
various  matrix  inclusions  in  order  to  investigate  the  effectiveness  of  such  an  oxidation 
protection  concept. 


Analytical  Approach 


There  exists  a  large  amount  of  literature  on  the  stress  analysis  of  inclusions  embedded 
in  large  bodies  with  remote  uniform  strain  or  stress  prescribed.  As  described,  for  example, 
in  [14].  By  contrast,  there  is  only  scant  literature  on  thermal  stress  analysis  of  inclusions. 
In  the  course  of  the  present  research,  a  novel  method  was  devised  for  the  thermal  stress 
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analysis  of  inclusions  which  converts  the  thermoelastic  problem  into  an  isothermal  elasticity 
problem. 

The  general  result  is  as  follows;  Consider  an  elastic  body  of  material  1  in  which  there 
are  embedded  elastic  inclusions  of  material  2.  The  composite  body  is  subjected  to  a  uniform 
temperature  change  <|>  and  the  surface  displacements  are  prescribed  as  u(S)  =  u°. 

Let  the  thermoelastic  solution  in  the  phases  1,  2  be  denoted  u^(x),  u^(x).  Then  the 
thermoelastic  solution  can  be  expressed  as 

u’  =  u’  +  p  X  (1) 

+  p  X 

where  u’ ,  are  phase  displacements  for  the  isothermal  elasticity  problem  with  displacement 
boundary  condition 

~  (21 
u(S)  =  u®(S)  -  p  X  (S) 

The  second  rank  tensor  p  is  defined  as 

p  =  -(c^  -  (r^  -  r’)  (|> 

where  C  is  elastic  moduli  tensor  and  r  is  thermal  stiffness  tensor  which  define  the 
thermoelastic  stress  strain  relations. 

Thus 

a  =  Ce  +  r<j) 
r  =  -Ca 


Filled  Matrix  Crack 


This  refers  to  cracks  (a)  above  which  are  filled  out  with  SiC.  The  cracks  will  be  modeled 
as  very  flat  oblate  spheroids  of  radius  a  and  small  diameter  2c,  Figure  24.  The  problem  then 
is  to  find  the  thermal  stresses  in  and  near  such  a  spheroidal  inclusion  when  the  temperature 

is  uniformly  changed  by  an  amount  <1) . 
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Graphitic  Matrix 


Figure  24.  The  inclusions  were  represented  as  spheroidal  particles  within  a  graphitic 
matrix. 


On  the  basis  of  the  previously  summarized  general  solution,  the  problem  can  be  solved 
in  terms  of  the  well  known  solution  for  a  spheroidal  inclusion  with  remote  uniform  strain. 
Thus,  the  strain  in  the  inclusion  for  the  present  problem  is  given  by 

(SS’C^-S  +  I)  ^  =  S(S’C2-I)  p  +  aV 


where 

S  -  Eshelby  Tensor 

-  Matrix  Compliance 

-  Inclusion  Stiffness 

-  Inclusion  Strain 

I  -  4th  Rank  Unit  Tensor 

-  Matrix  Thermal  Expansion  Tensor 

For  an  isotropic  matrix  and  inclusion,  these  equations  assume  the  form 
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where  k  and  G  are  bulk  and  shear  modulus,  respectively. 


39 


A  sample  calculation  has  been  performed  for  the  case  of  a  SiC  inclusion  of  aspect  ratio 
c/a  =  0.1  which  is  embedded  in  ATJ  graphite  isotropic  matrix.  Note  that  the  tensile  ultimate 
stress  of  such  a  matrix  is  only  500  psi.  It  was  found  that  for  a  temperature  cooldown  of 
2000°F,  the  stress  normal  to  the  surface  of  the  inclusion  varies  within  the  limits  880,  8300 
psi.  It  follows  that  the  inclusion  will  separate  from  the  matrix  on  its  entire  surface  and  thus 
the  oxidation  protection  fails. 

Filled  Bundle  Crack 

Bundle  cracks  (b)  observed  are  long  cracks  parallel  to  the  fibers  which  are  assumed  to 
be  cylindrical  with  generator  in  fiber  direction  and  flat  elliptical  in  the  transverse  plane  of  the 
bundle.  Figure  25.  It  is  further  assumed  that  the  crack  length  is  large  enough  compared  to 
fiber  diameters  so  that  it  may  be  assumed  that  the  material  surrounding  the  crack  is 
transversely  isotropic  with  the  effective  properties  of  the  unidirectional  bundle  material.  The 
crack  is  now  filled  out  with  isotropic  SiC  inhibitor  material.  Thus  the  problem  activity  is 
modeled  as  the  thermoelastic  analysis  of  an  isotropic  elliptic  cylinder  which  is  embedded  in 
a  transversely  isotropic  matrix. 

Note  that  the  general  solution  for  the  thermal  inclusion  problem  as  given  by  (5)  is 

applicable  to  the  present  problem  with  the  following  interpretation. 

-  Transversely  isotropic  compliance  tensor  of  "matrix” 

(unidirectional  bundle) 

-  Isotropic  stiffness  tensor  of  SiC 

-  Transversely  isotropic  TEC  of  "matrix" 

S  “  Eshelby  tensor  for  elliptical  cylindrical  region  in  transverse¬ 
ly  isotropic  matrix 

The  major  difficulty  is  evaluation  of  the  components  of  S  and  this  has  been  carried  out  on  the 
basis  of  a  method  described  in  Mura  (141. 

Once  has  been  determined  for  (S),  the  inclusion  stresses  are  given  by 
We  have  performed  a  sample  calculation  of  a  SiC  filled  crack  in  a  bundle  consisting  of  T300 
fibers  embedded  in  ATJ  graphite  isotropic  matrix  for  fiber  volume  concentration  Vj  =  0.60. 
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Figure  25.  The  filled  bundle  cracks  were  also  represented  as  spheroidal  inclusions. 

o2  =  +  r2<p  <7) 

For  a  cooldown  of  2000®F,  we  obtained  compressive  transverse  stresses  in  the  SiC  and  an 
axial  tensile  stress  which  varies  between  350  -  380  ksi  for  various  aspect  ratios  of  the  ellipse. 
Since  the  ultimate  tensile  stress  of  SiC  is  about  45  ksi,  this  implies  that  the  SiC  will  fail  by 
transverse  cracking  in  many  places.  The  filled  SiC  crack  will  literally  shatter  into  small  pieces 
and  thus  the  inhibitor  is  ineffective. 

Interohase  Failure 

Graphite  fibers  are  frequently  coated  for  reasons  of  surface  protection.  The  integrity  of 
this  protection  depends  on  the  ability  of  the  fiber  coating,  from  now  on  referred  to  as  the 
interphase  to  withstand  the  internal  stresses  in  the  interphase.  We  have  considered  the  case 
of  very  thin  interphase  and  have  been  able  to  derive  novel  results  for  the  interphase  stresses 
on  the  basis  of  the  Composite  Cylinder  Assemblage  (CCA)  model  and  the  Generalized  Seif 
Consistent  Scheme  (GSCS)  model,  as  described  in  [15].  It  has  been  proven  possible  to 
evaluate  the  interphase  stresses  solely  in  terms  of  effective  thermoelastic  properties  of  the 
composite. 

We  are  primarily  interested  in  the  interphase  stresses  due  to  temperature  change.  A 
sample  calculation  for  the  case  of  T300  fibers,  embedded  in  ATJ  graphite  matrix  at  0.60 
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volume  fraction  and  a  temperature  cooldown  of  -2000  °F,  assuming  reasonable  interphase 
properties,  has  given  the  following  results  for  interphase  stresses. 

G„  =  1.37  ksi 
Oee  =  7.27  ksi 
=  13.1  ksi 

It  is  believed  that  the  axial  stress  will  fail  the  interphase. 

Summary  -  Filled  Crack  Analysis 


It  appears  that  a  temperature  cooldown  of  the  order  of  -2000°F  will  produce  severe 
thermal  stress  which  will  lead  to  separation  of  inhibitor  (SiC)  from  the  internal  surface  (crack) 
which  it  is  suppose  to  protect.  Similarly,  such  temperature  drops  will  probably  fail  the 
interphase  between  fibers  and  matrix.  Thought  must  be  given  as  to  the  effectiveness  of  the 
crack  fillers  and  fiber  coatings  under  such  circumstances. 

3.2  MICRO-IVIECHANICAL  MODELING  ENHANCEMENTS 

The  objective  this  task  was  to  provide  improvements  in  the  analytical  procedures  utilized 
in  the  modeling  of  oxidation  inhibited  carbon-carbon  composites.  The  general  approach  was 
to  identify  analysis  modules  based  on  previously  published  theories  and  to  incorporate  these 
modules  into  the  MSC's  existing  micro-mechanical  analysis  code  -  NDP  9.2  [1 6,].  Modules 
would  be  integrated  into  NDP  9.2  to  enhance  the  capability  of  the  code  with  respect  to  the 
several  features  of  oxidation  resistant  C-C  composites  not  previously  addressed,  specifically: 
multi-directionally  reinforced  composites  containing  oriented  cracks,  filled  inclusions,  and/or 
coated  fibers.  The  analysis  modules  considered  are  based  upon  previous  efforts  and  the 
details  of  these  methodologies  are  given  in  [17,  18]. 

NDP  9.2  was  selected  as  the  vehicle  for  incorporation  of  these  modules  as  it  is  a  code 
with  a  proven  capability  in  the  modeling  of  uninhibited  ORCC  materials  and  it  has  the 
capability  of  modeling  fully  multi-directionally  reinforced  materials.  NDP  9.2  is  a  MSC 
developed  composite  analysis  software  package  and  allows  the  calculation  of  elastic 
constants,  thermal  expansions,  thermal  conductivities,  and  strengths  of  composite  materials. 
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NDP  9.2  is  based  on  a  "building-block"  approach  and  this  structure  facilitates  the  introduction 
of  alternate  analysis  modules  which  may  be  called  into  the  analysis  as  the  user  requires. 

The  modules  which  were  implemented  into  the  NDP  9.2  code  included  the  Differential 
Scheme  and  Multi-Phase  Composite  Cylinder  Assemblage  Models.  The  Differential  Scheme 
Model  enables  the  modeling  of  materials  with  oriented  inclusions  and  unfilled  cracks.  The 
inclusions  can  be  defined  based  on  their  cross  sectional  shape,  effective  length,  volume 
fraction,  and  orientation.  The  modeling  procedure  utilizes  the  differential  scheme  approach 
in  determining  effective  orthotropic  properties  of  the  inclusions  in  an  orthotropic  media. 
Cracks  are  defined  as  unfilled  inclusions  which  are  imbedded  in  an  orthotropic  matrix.  The 
resulting  material  properties  represent  those  of  an  "effective"  matrix  and  are  currently  limited 
to  the  orthotropic  case.  Multiple  cracks  at  different  orientations  may  be  introduced  via  a 
stepped  procedure  which  utilizes  the  effective  matrix  and  a  new  crack  orientation.  By 
selection  of  appropriate  properties,  the  inclusions  may  be  taken  to  represent  simple  cracks  or 
as  filled  inclusions. 

The  Multi-Phase  Composite  Cylinder  Assemblage  (MPCCA)  Model  was  incorporated  into 
NDP  9,2  to  provide  a  method  for  modeling  coated  fibers  in  multi-directionally  reinforced 
materials.  Since  both  the  coating  and  the  fiber  are  represented  as  cyiindrically  orthotropic 
materials,  this  model  is  particularly  well  suited  for  modeling  fibers  with  coatings  deposited  in 
a  layer-wise  fashion  around  the  circumference.  The  coated  fiber  properties  which  are 
determined  from  the  MPCCA  model  are  transversely  isotropic,  and  are  treated  as  effective 
fiber  properties  which  can  be  utilized  in  bundle  property  predictions. 

The  integration  of  both  the  inclusion  model  and  the  coated  fiber  model  into  NDP  9.2, 
enables  efficient  modeling  of  2D  and  multidirectionally  reinforced  ORCC  materials  with  these 
characteristics. 

Fiber  bundles  with  cracks  and/or  filled  inclusions  may  be  represented  by  reinforcing  the 
effective  matrix  with  the  appropriate  fiber.  The  method  utilized  for  the  determination  of  the 
bundle  properties  is  dependent  upon  the  isotropy  of  the  effective  matrix  material.  When  the 
properties  are  such  that  the  effective  matrix  is  transversely  isotropic,  the  Composite  Cylinder 
Assemblage  (CCA)  model  may  be  utilized.  However,  for  those  cases  where  the  effective 
matrix  is  orthotropic,  the  Differential  Scheme  is  required  in  order  to  predict  the  resulting 
bundle  properties.  The  current  capability  allows  the  prediction  of  the  bundle  full  [6x61 
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stiffness  matrix,  and  the  effective  bundle  properties  may,  therefore,  be  fully  anisotropic.  The 
resulting  fiber  bundles  may  then  be  oriented  and  assembled  to  form  the  N-D  composite. 

The  enhancements  which  have  been  incorporated  into  the  NDP  9.2  software  provide  a 
means  by  which  data  correlation  studies  may  be  utilized  to  quantify  a  substrate  crack 
morphology  (orientation  and  volume  fraction)  resulting  from  the  various  ORCC  elevated 
temperature  processing  steps.  Following  definition  of  the  substrate  crack  geometry  and 
orientation,  analyses  may  then  be  performed  to  determine  the  effects  of  post  filling  the  cracks 
with  inhibitors. 


Data  Correlation  Studies 

Following  implementation  of  the  model  enhancements,  the  modified  NDP  9.2  software 
was  utilized  along  with  experimental  data  to  correlate  crack  volume  fractions  in  various 
carbon-carbon  substrate  materials.  The  materials,  descriptions  of  which  are  presented  in 
Table  2,  were  all  of  2D  construction  and  contained  various  inhibitors.  The  reinforcing  fiber 
in  all  cases  was  T300.  Data  sheets  on  each  of  the  materials  provided  fiber  volume,  filler  type, 
and  limited  mechanical  properties. 

As  previously  discussed,  the  materials  shown  in  Table  2  were  provided  to  Clarkson 
University  for  metallographic  evaluation.  The  results  of  those  evaluations  provided  insight  into 
crack  orientation,  crack  density,  and  general  composite  integrity.  This  information  along  with 
thermal  expansion  measurements  [19]  obtained  from  the  Energy  Materials  Laboratory  of  Fiber 
Materials  Inc.,  Biddeford,  ME,  enabled  correlation  studies  to  be  performed  to  determine  crack 
distributions  and  provide  verifications  of  the  material  models. 

The  constituent  properties  utilized  to  represent  the  reinforcing  fiber  and  the  resulting 
graphite  matrix  are  presented  in  Tables  8  and  9,  respectively.  The  T300  fiber  properties 
shown  in  Table  8  are  based  on  correlation  studies  performed  on  early  nozzle  and  nosetip 
materials.  The  ATJ  matrix  properties  given  in  Table  9  are  based  on  data  from  early  Aerospace 
measurements  and  are  representative  of  uncracked  material.  Where  required,  particulate  or 
whisker  reinforcement  was  added  to  represent  any  filler  material  which  was  present  in  the 
panel  material. 
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Table  8.  T300  Fiber  Properties  Utilized  in  Analysis 
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Table  9.  ATJ  Matrix  Properties  Utilized  in  Analysis 
Expansion  Measurements  on  1 5V  Pitch  -  From  Aerospace 


Temp 

E 

V 

AL/L 

°F 

Msi 

- 

xIO'^ 

75 

1.32 

0.110 

0.00 

600 

1.34 

0.110 

1.20 

1000 

1.36 

0.120 

2.10 

2000 

1.46 

0.130 

4.40 

3000 

1.66 

0.140 

7.05 

4000 

1.50 

0.150 

10.0 

5000 

0.87 

0.175 

14.5 

Data  Correlation  -  Panel  001 


Panel  001  was  manufactured  by  Rohr  Inc.,  and  was  comprised  of  layers  of  T300  8HS 
fabric  which  was  heat  treated  to  4800°F,  prior  to  densification.  The  total  fiber  content  was 
reported  to  be  63%.  The  maximum  graphitization  temperature  was  3000°F.  There  was  no 
inhibitor  present  within  this  material. 

The  results  from  the  Clarkson  observations  showed  very  few  yarn  interface  cracks  along 
with  little  fiber  pullout.  The  low  degree  of  fiber  pullout  indicated  relatively  good  fiber/matrix 
interface  integrity.  The  density  of  the  fiber/matrix  interface  cracks  was  reported  to  be 
moderate.  The  transverse  bundle  cracks  were  well  developed,  narrow,  uniformly  spaced,  and 
ran  the  full  width  of  the  bundle.  The  transverse  bundle  crack  density  was  typical,  however, 
on  the  low  side.  The  fiber  volume  was  reported  to  be  high,  with  very  few  matrix  rich  regions. 
The  specimen  appeared  to  be  fully  densified.  In  addition,  Clarkson  indicated  an  unusual 
"residue"  of  matrix  material  which  lined  or  was  within,  many  of  the  transverse  bundle  cracks. 
A  photomicrograph  of  panel  001  is  presented  in  Figure  5. 

Thermal  expansion  measurements  obtained  from  reference  1 8  were  utilized  to  correlate 
the  degree  of  cracking  present  within  the  composite.  Cylindrical  cracks  were  oriented  through 


the  thickness  of  the  composite  with  a  length  to  diameter  ratio  of  25,  and  effective  composite 
properties  were  determined.  The  resulting  composite  thermal  expansions  which  were 
determined  from  NDP  9.2  are  presented  in  Figure  26  for  various  amounts  of  unfilled 
inclusions.  As  the  results  indicate,  a  figure  of  60%  for  the  fraction  of  oriented  cracks  within 
the  ATJ  matrix  provide  the  required  agreement. 

Data  Correlation  -  Panel  020 

Panel  020  was  manufactured  by  Rohr  Inc.,  and  was  comprised  of  layers  of  T300  8HS 
fabric  which  was  heat  treated  to  3900 °F,  prior  to  densification.  The  total  fiber  content  was 
reported  to  be  71%.  The  maximum  graphitization  temperature  was  3000°F.  There  was  no 
inhibitor  present  within  this  material. 

The  results  from  the  Clarkson  observations  showed  very  few  yarn  interface  cracks.  The 
transverse  bundle  cracks  were  reported  to  be  narrow,  very  regular,  and  fully  developed.  The 
density  of  panel  020  appeared  to  be  less  than  that  of  panel  001 ,  but  with  moderate  porosity. 
A  number  of  large  voids  were  observed  at  the  yarn  bundle  interfaces.  The  composite 
exhibited  a  high  fiber  content.  The  density  of  fiber/matrix  interface  cracks  was  observed  to 
be  low.  During  the  preparation  of  the  specimen,  a  good  deal  of  fiber  pullout  was  present, 
which  suggests  the  fiber/matrix  integrity  was  poor  to  moderate.  A  photo  micrograph  of  panel 
020  is  presented  in  Figure  6. 

Thermal  expansion  measurements  obtained  from  [19]  were  utilized  to  correlate  the 
degree  of  cracking  present  within  the  composite.  The  results  from  these  correlations  indicated 
that  minimal  microcracking  was  present.  The  resulting  composite  thermal  expansions  which 
were  determined  from  NDP  9.2  are  presented  in  Figure  27  and  are  based  on  an  assumption 
of  no  cracking  within  the  composite. 
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Unit  Thermal  Expansion  (AL/ 


EFFECT  OF  ORIENTED  INCLUSIONS  ON 
IN  PLANE  THERMAL  EXPANSIONS 

Specimen  1— D  Vf=62.7% 


0  1000  2000  3000  4000  5000 


Temperature  "F 

Figure  26.  The  results  of  the  data  correlation  on  the  thermal  expansion  data  for  Rohr 
panel  1. 


PREDICTED  VS.  MEASURED  IN  PLANE  THERMAL  EXPANSIONS 

Specimen  20— D  Vf=70.7% 


Figure  27.  The  results  of  the  data  correlation  on  the  thermal  expansion  data  for  Rohr 
panel  20. 
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Data  Correlation  -  Panel  031 


Panel  031  was  comprised  of  layers  of  T300  8HS  fabric  which  was  heat  treated  to 
3900®F,  prior  to  densification.  The  total  fiber  content  was  reported  to  be  42%.  The 
maximum  graphitization  temperature  was  3000®F.  An  RICC  X6A  particulate  inhibitor 
introduced  as  a  matrix  filler  was  reported  to  be  present  at  a  62%  volume  within  the  carbon 
matrix.  Since  the  properties  of  the  RICC  X6A  filler  were  not  known,  SiC  properties  were 
utilized  for  an  initial  estimate.  Correlations  were  then  performed  to  define  effective  particulate 
moduli  which  provided  the  required  agreement  with  the  thermal  expansion  data  assuming  a 
reasonable  degree  of  cracking.  The  resulting  RICC  X6A  properties  are  presented  in  Table  10. 


Table  10.  RICC-X6A  Filler  Properties  Utilized  in  Analysis  of  Panel  31 


Temp 

“F 

E 

Msi 

V 

A  L/L 
xIO"- 

75 

14.8 

0.14 

0.00 

500 

14.1 

0.13 

0.94 

1000 

13.7 

0.12 

2.04 

1500 

13.4 

0.13 

3.69 

2000 

13.0 

0.13 

5.49 

2500 

9.30 

0.13 

7.42 

The  results  from  the  Clarkson  observations  indicated  a  dark  and  granular  matrix,  which 
indicated  that  an  inhibitor  had  been  added.  There  was  a  definite  appearance  of  two  types  of 
large  flakes  or  granules  which  had  been  added  to  the  matrix.  There  was  poor  penetration  of 
the  inhibited  matrix  into  the  fiber  bundles.  The  material  was  extremely  porous,  such  that  the 
identification  of  any  microcracks  becomes  ambiguous.  A  photo  micrograph  of  panel  031  is 
presented  in  Figure  7. 

Thermal  expansion  measurements  obtained  from  [18]  were  utilized  to  correlate  the 
degree  of  cracking  present  within  the  composite.  Based  upon  the  Clarkson  observations,  the 
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assumption  was  taken  that  spherical  voids  be  utilized  to  represent  the  porous  nature  of  the 
material,  and  correlations  with  the  expansion  data  were  made  to  determine  the  amount 
present.  The  results  from  these  correlations  indicated  that  50%  voids  were  present  within 
the  filled  carbon  matrix.  The  resulting  composite  thermal  expansions  which  were  determined 
from  NDP  9.2  are  presented  in  Figure  28,  along  with  the  measured  data. 

Data  Correlation  -  Panel  062 

Panel  062  was  comprised  of  layers  of  T300  8HS  fabric  which  was  heat  treated  to 
3900°F,  prior  to  densification.  The  total  fiber  content  was  reported  to  be  51%.  The 
maximum  graphitization  temperature  was  3000°F.  The  composite  contained  a  SiC  whisker 
inhibitor  with  a  17%  volume  in  the  carbon  matrix. 

The  results  frdm  the  Clarkson  observations  indicated  a  dark  granular  nature  to  the  matrix 
rich  regions  of  the  material,  which  indicated  that  an  inhibitor  had  been  added.  The  SiC 
whiskers  appeared  only  to  be  present  in  the  matrix  material  external  to  the  fiber  bundles. 
Extensive  fiber  pullout  during  the  specimen  preparation  indicated  a  poor  fiber/matrix  integrity. 
A  high  level  of  porosity  appeared  external  to  the  fiber  bundles  with  a  low  interbundle  porosity. 
Many  of  the  larger  voids  have  been  partially  filled  with  the  uninhibited  matrix.  There  was  a 
moderate  density  of  narrow  transverse  bundle  cracks.  A  photo  micrograph  of  panel  062  is 
presented  in  Figure  8. 

Thermal  expansion  measurements  obtained  from  [19]  were  utilized  to  correlate  the 
degree  of  cracking  present  within  the  composite.  Based  upon  the  Clarkson  observations,  the 
assumption  was  taken  that  spherical  voids  be  utilized  to  represent  the  porous  nature  of  the 
material,  and  correlations  with  the  expansion  data  were  made  to  determine  the  amount 
present.  The  results  from  these  correlations  indicated  that  20%  voids  were  present  within 
the  inhibited  carbon  matrix.  The  resulting  composite  thermal  expansions  which  were 
determined  from  NDP  9.2  are  presented  in  Figure  29,  along  with  the  measured  data. 


Data  Correlation  -  Panel  1 37 

Panel  137  was  comprised  of  layers  of  T300  PW  fabric  which  was  heat  treated  to 
3900°F,  prior  to  densification.  The  total  fiber  content  was  reported  to  be  43%.  The 
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maximum  graphitization  temperature  was  3000 °F.  The  composite  contained  an  RICC  X7A 
particulate  filler  with  a  40%  volume  in  the  carbon  matrix.  SiC  properties  were  utilized  to 
represent  the  filler  material. 

The  results  from  the  Clarkson  observations  indicated  that  the  inhibited  matrix  was 
present  within  the  fiber  bundles.  Large  matrix  rich  regions  were  observed  along  with  a 
moderate  porosity.  There  were  very  few  yarn  interface  cracks  present;  however ,  there  the 
transverse  bundle  cracks  were  well  developed  and  quite  wide.  The  transverse  bundle  cracks 
were  partially  filled  with  what  appeared  to  be  uninhibited  matrix  material  and  exhibited  a  crack 
spacing  larger  than  typical.  The  fiber  matrix  interface  exhibited  moderate  cracking  which 
indicated  good  integrity.  The  yarns  within  the  specimen  appeared  to  be  more  wavy  than 
others.  A  photo  micrograph  of  panel  137  is  presented  in  Figure  9. 

As  with  previous  panels,  thermal  expansion  measurements  obtained  from  [19]  were 
utilized  to  correlate  the  degree  of  cracking  present  within  the  composite.  Based  upon  the 
Clarkson  observations,  the  assumption  was  taken  that  spherical  voids  be  utilized  to  represent 
the  porous  nature  of  the  material,  and  correlations  with  the  expansion  data  be  made  to 
determine  the  amount  present.  The  results  from  these  correlations  indicated  that  30%  voids 
were  present  within  the  filled  carbon  matrix.  The  resulting  composite  thermal  expansions 
which  were  determined  from  NDP  9.2  are  presented  in  Figure  30,  along  with  the  measured 
data. 

EVALUATION  OF  FILLED  INCLUSIONS 

The  results  from  the  data  correlation  studies  were  utilized  to  study  the  influence  of  filling 
open  cracks  on  ORCC  material  properties.  The  data  correlations  identified  volume,  shape,  and 
orientation  of  the  cracks  which  were  present  within  each  material.  The  material  models  were 
utilized  to  specify  filler  material  to  create  filled  inclusions  of  the  same  size,  shape,  and  volume 
as  the  identified  cracks.  Three  specific  filler  materials  were  considered:  boron  carbide  (BN), 
silicon  nitride  (Si3N4),  and  silicon  carbide  (SiC).  Properties  used  to  represent  each  of  these 
fillers  are  presented  Tables  1 1  through  13,  respectively. 

The  results  obtained  for  panel  001  are  presented  in  Figure  31.  This  figure  shows  in 
plane  Young's  modulus,  shear  modulus,  and  free  thermal  strain,  all  as  a  function  of 
temperature.  Results  are  given  for  each  of  the  three  filler  types  considered.  It  may  be  seen 
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PREDICTED  vs.  MEASURED  IN  PLANE  THERMAL  EXPANSIONS 
Specimen  137-G  Vf=42,9%  -  40%  RICC-X7A  in  ATJ  Matrix 


Figure  30.  The  results  of  the  data  correlation  on  the  thermal  expansion  data  for  Rohr 
panel  137. 


that  filler  material  has  a  negligible  effect  on  fiber  dominated  elastic  modulus.  A  small  increase 
in  Young's  modulus  was  predicted  when  the  cracks  were  filled.  However,  as  may  be 
expected  the  effect  of  crack  fillers  on  matrix  dominated  properties  such  as  shear  modulus  was 
much  more  significant,  with  a  large  increase  in  shear  modulus  predicted  when  the  cracks  are 
filled.  However,  one  interesting  effect  was  the  ability  of  the  crack  fillers  to  eliminate  the  fiber 
dominated  negative  expansion  behavior  of  the  composite  as  shown  in  Figure  31 .  Thus,  crack 
fillers  may  have  utility  as  thermal  expansion  modifiers  in  terms  of  an  overall  crack  manage¬ 
ment  strategy. 


Table  1 1 . 

Boron  Carbide  Material  Properties  Utilized  in  Analysis 

Temp 

E 

V 

AL/L 

"F 

Msi 

- 

xIO'® 

75 

55.4 

0.19 

0.0 

500 

52.8 

0.19 

1.0 

1000 

49.5 

0.19 

2.3 

1500 

45.6 

0.19 

4.0 

2000 

38.6 

0.19 

6.0 

2500 

31.6 

0.19 

8.0 

Table  12.  Silicon  Nitride  Material  Properties  Utilized  in  Analysis 

_ _ — — -  « 

Temp 

E 

V 

AL/L 

OF 

Msi 

- 

x10‘^ 

75 

43.0 

0.270 

0.00 

500 

41 .0 

0.241 

0.63 

1000 

40.0 

0.231 

1.79 

1500 

39.0 

0.252 

3.25 

2000 

38.0 

0.258 

4.85 

2500 

27.0 

0.258 

6.50 
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Table  13.  Silicon  Carbide  Material  Properties  Utilized  in  Analysis 


Temp 

E 

V 

AL/L 

°F 

Msi 

- 

xIO'^ 

75 

59.0 

0.14 

0.00 

500 

56.3 

0.13 

0.94 

1000 

54.9 

0.12 

2.04 

1500 

53.5 

0.13 

3.69 

2000 

52.1 

0.13 

5.49 

2500 

37.0 

0.13 

7.42 

The  effects  of  crack  fillers  for  the  other  Rohr  panels  31  through  137  are  given  in 
Figures  32  through  34.  Similar  trends  as  noted  for  panel  001  may  be  seen. 

EVALUATION  OF  FIBER  COATINGS 

The  multi  phase  composite  cylinder  assemblage  module  of  NDP  9.2  was  exercised  to 
determine  the  influence  of  oxidation  resistant  fiber  coatings  on  unidirectional  T300  fiber 
bundle  properties.  Consideration  was  given  to  the  evaluation  of  boron  nitride,  silicon  nitride, 
and  silicon  carbide  coatings.  The  properties  for  each  of  these  materials  are  presented  in 
Tables  11-13,  respectively.  In  addition  to  the  evaluation  of  coating  type,  the  influence  of 
coating  thickness  was  also  considered.  The  analysis  assumed  a  constant  volume  fraction  of 
"effective  fibers",  such  that  an  increase  in  coating  thickness  resulted  in  a  decrease  of  T300 
volume. 

The  results  obtained  from  the  study  are  presented  in  Figures  35  -  37.  Figure  35 
presents  the  influence  of  silicon  carbide  coatings  on  composite  axial  Young's  modulus  and 
free  thermal  strain.  Results  for  boron  nitride  and  silicon  nitride  are  presented  in  Figures  36 
and  37,  respectively. 

As  the  results  indicate,  increase  in  coating  thickness  gives  rise  to  a  decrease  in  Young's 
modulus  and  an  increase  in  thermal  expansion.  This  may  be  explained  by  the  constant  volume 
faction  of  coated  fibers  assumption  which  leads  to  fiber  material  being  replaced  by  coating 
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cracks  in  panel  1  with  various  oxidation  inhibitors. 


Pantt  031  Vf»4U7X  »  SOX  Inetuilons  1t1  RqHo  Ponil  031  Vf«41.7X  >  SOX  fnelutlora  1t1  Asptd  RaSo 
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cracks  in  panel  31  with  various  oxidation  inhibitors. 
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cracks  in  panel  62  with  various  oxidation  inhibitors. 


Panel  137  Vf*42.9X  -  SOX  Inclutton*  1t1  Asp«:t  Ratio  Pond  fS7  Vf*4a.fX  ->  SOX  Inclifilorw  tli  Aepeel  Rallo 
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cracks  in  panel  137  with  various  oxidation  inhibitors. 


UNIDIRECTIONAL  COATED  T300/ATJ  V,=60%  UNIDIRECTIONAL  COATED  T300/ATJ  V,=60% 


‘sninpoyn  ,s6unox  loixy 
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Figure  35.  The  effect  of  SiC  fiber  coatings  on  the  modulus  and  expansion  behavior  of  ORCC  materials 


material  as  the  thickness  increases.  Thus,  as  the  fiber  coatings  are  generally  lower  modulus 
and  higher  expansion  materials  than  the  heat-treated  T300  fibers  increase  in  fiber  coating 
thickness  serves  to  lower  the  composite  modulus  and  increase  the  expansion. 

Thus  in  terms  of  a  crack  management  strategy,  fiber  coatings  are  a  good  way  to  go. 
Of  course  the  general  trend  will  be  that  as  more  carbon  is  replaced  by  ceramic  material  as 
fillers  or  fiber  coatings,  the  material  will  tend  towards  the  behavior  of  a  ceramic  matrix 
composite  rather  than  a  carbon-carbon  composite. 

RESIDUAL  STRAIN  EFFECTS 

In  order  to  determine  the  effect  of  fiber  coatings  on  a  crack  management  strategy,  a 
0/90°  laminate  was  constructed  using  coated  T300  fiber  bundle  properties  established  under 
the  MMOP  effort  and  a  residual  thermal  strain  was  calculated  for  the  laminate  on  cooldown 
from  an  assumed  coating  deposition  temperature  of  2500°F.  Two  types  of  external  coating 
material  and  two  types  of  fiber  coating  material  were  investigated:  SiC  and  Si3N4,  and  BN  and 
SiC,  respectively.  The  results  are  given  in  Figures  38  and  39.  As  may  be  seen  greater 
thermal  strains  were  developed  for  the  SiC  coated  materials,  and  the  SiC  fiber  coatings  had 
the  greatest  effect  in  modifying  the  substrate  thermal  strain,  while  the  BN  coating  had  little 
effect  even  at  a  2  micron  thickness. 

In  terms  of  a  crack  management  strategy,  the  preferred  material  combination  would  be 
SiC  fiber  coatings  with  a  Si3N4  overcoat. 
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EFFECT  OF  StC  FIBER  COATING  THICKNESS  ON  EFFECT  OF  BN  RBER  COATING  THICKNESS  ON 
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Figure  38.  A  thermal  cooldown  analysis  shows  the  influence  of  SiC  and  BN  fiber  coatings  on  the  reduction  in  thermal 
strain  mismatch  between  the  ORCC  substrate  and  a  SiC  external  coating. 


EFFECT  OF  SIC  FIBER  COATING  THICKNESS  ON  EFFECT  OF  BN  FIBER  COATING  THICKNESS  ON 
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Figure  39.  A  thermal  cooldown  analysis  shows  the  influence  of  SiC  and  BN  fiber  coatings  on  the  reduction  in  thermal 
strain  mismatch  between  the  ORCC  substrate  and  a  Si3N4  external  coating. 


4.0  THE  CRACK  MANAGEMENT  (CM)  MODEL 


The  objective  of  this  task  was  to  develop  an  analytical  capability  for  determining  the 
influences  of  materials  and  process  parameters  (substrate  and  coating)  on  the  development 
of  the  thermally-induced  microcrack  network  in  the  ORCC  external  coatings.  The  experimental 
data  obtained  during  the  Clarkson  studies,  and  described  in  Section  2,  was  used  to  validate 
the  analytical  model  predictions.  The  analytical  method  was  then  used  to  investigate  possible 
materials  and/or  processing  strategies  for  "managing"  the  microcrack  pattern  to  produce  a 
more  effective  oxidation  barrier. 

During  the  course  of  these  activities,  several  competing  analytical  techniques  were 
utilized:  a  finite  element  (FE)  based  modeling  approach,  and  fracture  mechanics  based 
approach. 

During  the  finite  element  studies,  the  MMOP  models  (Section  3)  were  integrated  into  a 
commercial  finite  element  code  to  monitor  the  effects  of  various  bundle  level  oxidation 
protection  schemes  on  the  development  of  thermal  stresses  in  the  substrate  and  coating. 
Studies  were  also  conducted  to  investigate  the  sensitivity  of  the  coating  stresses  to  stress 
risers  in  the  substrate  associated  with  the  weave  architecture.  Finally,  an  attempt  was  made 
at  using  the  finite  element  method  to  provide  insight  into  the  progressive  nature  of  the  coating 
cracking  and  possibly  to  correlate  findings  with  the  observed  crack  spacings  in  the  Clarkson 
data. 

The  FE  method  was  able  to  provide  an  estimation  of  the  stress  distribution  in  the  coating 
prior  to  crack  initiation.  However,  the  explicit  nature  of  the  problem  definition  required  in  the 
finite  element  approach  proved  unsuitable  for  modeling  the  initiation  or  progression  of  the 
coating  cracks. 

Following  the  results  of  the  FE  approach,  an  alternative  fracture  mechanics-based 
approach  was  adopted,  in  which  the  focus  was  shifted  from  monitoring  individual  cracks  to 
monitoring  the  onset  and  saturation  of  the  cracks  via  a  crack  density,  or  crack  spacing 
approach.  This  approach  was  successful  in  providing  a  generalized  description  of  the  crack 
spacing  as  a  function  of  temperature  for  various  material  parameters,  and  showed  good 
correlation  with  the  data  from  the  Clarkson  studies.  This  approach  was  then  used  to 
investigate  the  sensitivity  of  the  crack  spacing  to  changes  in  coating/substrate  material 
parameters  and  to  identify  possible  crack-free  coatings. 
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4.1  FINITE  ELEMENT  STUDIES 


Preliminary  finite  element  studies  focused  on  integrating  the  MMOP  bundle-level  models 
(Section  3)  into  the  FE  codes  for  predicting  changes  in  macro  response  based  on  changes  in 
material  constituents  or  microstructure.  The  general  purpose  FE  code  In  use  at  MSC  during 
the  course  of  these  analyses  was  ABAQUS  [20]. 

The  first  step  was  to  use  the  MMOP  model  to  take  a  look  at  the  general  stress  and  strain 
distribution  in  the  substrate  fiber  bundles  as  a  result  of  a  typical  coating  cooldown  cycle  (an 
assumed  thermal  differential  of  -1000°C).  The  results  from  the  analyses  are  given  in 
Figure  40  and  indicate  that  the  general  stress  state  within  the  bundles  is  axial  compression 
and  transverse  tension.  The  predicted  transverse  stress  level  is  high  relative  to  the  very  low 
transverse  bundle  strengths  usually  associated  with  this  class  of  material,  and  is  consistent 
with  the  observed  damage  distribution  which  shows  multiple  cracking  in  the  transverse  bundle 
direction  (Figure  2). 

Another  observation  from  these  analyses  was  the  presence  of  localized  strain  gradients 
on  the  surface  of  the  substrate  associated  with  the  weave  pattern  and  the  fiber  bundle  cross¬ 
over  points.  A  typical  surface  stress  contour  of  a  SiC  coated  3  harness  satin  weave  substrate 
is  shown  in  Figure  41 .  This  figure  shows  the  axial  stress  in  a  1 0  mil  SiC  coating  over  a  200 
mil  carbon-carbon  substrate  after  cooldown  from  1800°F  to  1180®F.  Previous  analyses  had 
shown  that  the  normal  coating  stress  would  have  been  approximately  65  ksi  if  the  C-C 
substrate  had  been  modeled  as  a  homogeneous  material.  However,  by  incorporating  the 
MMOP  model,  the  substrate  was  modeled  as  an  assemblage  of  interlaced  bundles  consistent 
with  the  3  harness  weave  pattern  and  the  weave-induced  stress  concentrations  were  able  to 
be  distinguished.  This  analysis  showed  a  peak  stress  of  67  ksi  at  the  cross-overs  and 
represents  a  3%  rise  over  the  "background"  stress  level.  As  expected,  the  effect  of  the 
weave  cross-overs  became  more  pronounced  as  the  coating  thickness  decreased.  For 
instance,  at  a  5  mil  coating  thickness,  the  stress  concentration  effect  was  approximately  6%. 

This  would  suggest  that  the  influence  of  the  weave  pattern  on  coating  crack  pattern  will 
only  be  significant  for  the  thinner  coatings. 

This  is  in  agreement  with  experimental  observations  which  indicate  that  weave  pattern 
is  not  a  dominant  effect  in  defining  the  coating  crack  pattern.  For  a  typical  harness  satin 
weave  fabric,  the  cross-over  pattern  repeats  every  60  mils.  However,  review  of  the  specimen 
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MODEL  INTEGRATION  -  RESULTS 
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SIC-COATING  AXIAL  STRESS,  3HS 
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Figure  41 .  Further  finite  element  analyses  revealed  a  small  stress  riser  effect  in  the  external  coatings  associated  with  the 
weave  pattern  in  the  underlying  substrate  (axial  stress  in  a  5  mil  SiC  coating  on  an  ORCC  substrate  on 
cooldown). 


data  from  Section  2  indicates  that  typical  crack  spacings  are  of  the  order  of  5  mils.  Thus, 
while  these  weave  induced  stress  concentrations  may  have  an  effect  in  determining  the  sites 
for  initiation  of  early  cracks,  the  disparity  in  numbers  between  cracks  and  yarn  bundles 
indicates  that  there  are  many  other  factors  influencing  crack  initiation  and  saturation. 

In  addition  to  the  weave  effect  study,  there  was  some  concern  that  specimen  geometry 
may  play  a  role  in  controlling  crack  spacing,  particularly  as  it  was  observed  that  there  were 
approximately  twice  as  many  cracks  along  the  long  specimen  axis  as  there  were  along  the 
short  axis.  The  calculated  thermal  stress  distribution  in  the  substrate  and  coating  as  a 
function  of  distance  from  the  free  edge  is  given  in  Figures  42  and  43.  It  may  be  seen  that 
there  is  an  edge  effected  zone  approximately  0.5  ins.  wide  at  each  edge.  Therefore,  a  3x1 
in.  specimen  will  have  a  highly  edge  effected  crack  pattern  along  the  short  axis,  and  a  uniform 
distribution  within  the  center  2  ins.  of  the  long  axis  of  the  specimen.  It  would  also  indicate 
that  the  presence  of  holes  will  have  a  significant  effect  on  the  coating  crack  pattern. 

A  small  amount  of  effort  was  also  spent  analyzing  the  effects  of  cracks  on  the 
redistribution  of  stresses  in  the  coating  and  substrate,  i.e.,  would  it  be  possible  to  introduce 
a  crack  in  the  FE  model  and  determine  where  and  when  the  next  crack  would  form,  or 
whether  the  existing  crack  would  propagate  into  the  substrate.  In  this  effort,  ABAQUS  crack 
elements  were  explicitly  included  in  the  model  at  a  spacing  much  finer  than  experimentally 
observed.  These  cracks  were  set  to  open  at  a  stress  appropriate  to  SiC  material  strength. 
It  was  hoped  that  these  crack  elements  would  be  activated  individually  as  the  local  stress 
level  reached  the  SiC  material  strength.  However,  this  proved  to  be  an  unrealistic 
expectation,  and  it  was  found  not  possible  to  control  the  crack  elements  on  an  individual 
basis.  They  could  have  been  controlled  by  varying  the  material  strength  at  each  element,  but 
this  would  have  required  anticipation  of  an  expected  crack  pattern,  with  the  results  of  the 
analysis  confirming  information  already  held. 

4.2  FRACTURE  MECHANICS  ANALYSES 

The  fracture  mechanic  approach  used  in  this  analysis  is  based  on  the  work  of  Chatterjee 
and  Yen  [21].  In  their  analysis,  composite  stiffness  reduction  as  a  result  of  crack  formation 
is  accounted  for  by  energy  change  due  to  the  increased  surface  area  associated  with  the 
cracks. 
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THERMO-MECHANICAL  OXIDATION  PROTECTION  ANALYSIS 
AXIAL  STRESS  VERSUS  LOCATION  DUE  TO  COOL  DOWN  FROM  1800  F  T0 1557  F 
STATE  AT  WHICH  BC  AXIAL  STRESSES  REACH  22,500  PSI 
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Figure  42.  Finite  element  derived  thermal  stress  (axial)  distribution  from  the  free  edge  of  a  coated  ORCC  coupon  (CC  - 
ORCC  substrate,  BC  -  coating  sealant  layer,  SC  -  coating  SiC  layers). 


THERMO-MECHANICAL  OXIDATION  PROTECTION  ANALYSIS 
SHEAR  STRESS  VERSUS  LOCATION  DUE  TO  COOL  DOWN  FROM  1800  F  TO  1557  F 
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Figure  43.  Finite  element  derived  thermal  stress  (shear)  distribution  from  the  free  edge  of  a  coated  ORCC  coupon  (CC  - 
ORCC  substrate,  BC  -  coating  sealant  layer,  SC  -  coating  SiC  layers). 


This  model  makes  the  following  assumptions: 

1 .  The  composite  bundles  are  in  transverse  tension  only. 

2.  There  is  no  separation  (delamination)  between  the  coating  and 
substrate. 

3.  Cracks  occur  in  coating  only. 

4.  Material  properties  used  are  the.  average  properties  predicted  at 
fracture  temperature. 

The  model  inputs  are  composite  construction,  elastic  constants  of  layers,  the  load  history  and 
coating  strain  energy  release  rate  (G|c).  The  elastic  constants  used  in  the  analysis  are  listed 
below  and  are  assumed  to  be  "typical"  for  a  0/90  C-C  and  SiC  coating. 

Ec.c  =  20  Msi 

ac.c  =  1.0x10'®/°F 

^Coating  “ 


«Co.,i„g=  3X10-VF 

The  value  of  G|c  for  the  SiC  was  taken  from  reference  [22]  as  being  between  0.1 4  and  0.34 

£ 

In  * 

Figure  44  shows  the  predicted  crack  spacing  for  three  values  of  Gi^-  The  analysis 
assumes  a  5  mil  SiC  coating  on  a  84  mil  thick  I0/901s  C-C  substrate.  The  applied  temperature 
change  was  from  1800®F  to  room  temperature.  As  may  be  seen,  increasing  G|q  of  the 
coating  resulted  in  a  slightly  increased  crack  spacing  (for  the  given  material  construction)  and 
a  lower  crack  initiation  temperature. 

Figure  45  shows  the  crack  spacing  in  the  same  substrate  as  described  above,  but  for 

Jl 

a  constant  G,r  of  0.24  —  and  a  range  of  coating  thicknesses  between  2.5,  5  and  10  mils. 

in 
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Crack  Spacing  (in.) 
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Figure  44.  The  fracture  mechanics  model  showed  a  strong  correlation  between 
crack  initiation  temperature  and  coating  fracture  toughness. 


Figure  45.  The  fracture  mechanics  model  showed  coating  thickness  to  have  little 
effect  on  crack  initiation  temperature  and  strong  effect  on  final  crack 
spacing. 
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Figure  46.  The  fracture  mechanics  model  predictions  bracketed  the  measured  range 
of  room  temperature  crack  spacings  from  the  Clarkson  study. 

These  thicknesses  encompass  the  range  of  coating  thicknesses  in  the  Clarkson  data.  The  plot 
shows  that  increasing  the  coating  thickness  from  2.5  mils  to  10  mils  increased  the  crack 
spacing  from  about  7.5  mils  to  1 7  mils.  Although  this  increase  is  substantial,  it  is  clear  that 
other  parameters  must  be  varied  if  coating  cracking  is  to  be  eliminated. 

Selected  results  from  Figures  44  and  45  along  with  the  Clarkson  averaged  crack  spacing 
data  are  plotted  in  Figure  46.  This  figure  shows  that  the  MSC  predicted  crack  spacings  offer 
reasonable  agreement  with  the  predicted  data.  It  also  shows  that  process  parameters  such 
as  heat  treatments,  material  inhibitor,  or  defects,  do  not  especially  dominate  the  coating  crack 
problem.  Finally,  Figure  46  verifies  that  the  fracture  mechanics  approach  will  be  a  useful  tool 
in  developing  material  architectures  and  combinations  which  reduce  or  eliminate  coating 
cracking. 

Figures  47  and  48  show  the  results  of  a  parametric  study  where  the  ratio  of  substrate 
Young's  modulus  to  coating  Young's  modulus  and  substrate  thermal  expansion  coefficient 
(CTE)  to  coating  CTE  were  varied  to  determine  the  influence  of  each  parameter  on  the  coating 
crack  problem.  In  each  case,  realistic  ratio  values  are  0.33. 
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Figure  47.  The  fracture  mechanics  model  showed  the  coatingisubstrate  modulus 
ratio  to  have  little  effect  in  effect  on  crack  initiation  or  saturation. 


Figure  48.  The  substrate:coating  thermal  expansion  ratio  was  found  to  be  the  major 
factor  influencing  crack  initiation  and  saturation. 
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Figure  47  shows  that  Young's  modulus  primarily  effects  crack  initiation  and  the 
temperature  change  required  for  crack  initiation,  but  has  little  effect  on  final  crack  spacing  as 
the  final  crack  spacing  for  each  modulus  value  was  very  similar.  While  this  may  not  be  as 
immediately  expected,  this  result  reinforces  the  fact  that  the  driving  force  behind  the  coating 
crack  is  the  thermal  strain  differential  developed  as  the  high  CTE  coating  cools  on  the  low  CTE 
substrate. 

This  fact  is  further  emphasized  by  the  results  shown  in  Figure  48,  which  gives  the  effect 
of  coating:substrate  CTE  ratio  on  crack  spacing,  and  shows  that  CTE  mismatch  is  the 
dominant  effect  controlling  final  crack  spacing  in  the  fully  cooled  coating.  This  figure  also 
gives  an  indication  of  the  conditions  under  which  cracking  may  be  suppressed:  if  the  substrate 
CTE  is  within  20%  of  the  coating  CTE,  cracking  in  the  coating  will  not  occur. 

However,  typical  candidate  coating  materials  such  as  SiC,  B4C  and  Si3N4  will  not 
provide  a  20%  CTE  match  with  the  C-C  l0/90]s  substrate  when  directly  applied,  and  in  and 
of  themselves  cannot  provide  crack-free  coatings.  This  is  illustrated  in  Figure  49  which  shows 
the  free  thermal  strain  curve  for  each  material. 


tatartIhMmI  SMnM  THnparabB 


Figure  49.  The  difference  in  thermal  expansion  behavior  between  ORCC  substrates 
and  candidate  materials  is  too  great  to  prevent  crack  initiation  on 
cooldown. 
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The  main  conclusion  which  may  be  drawn  from  these  analyses  is  that  functional  material 
grading  will  be  required  in  order  to  minimize  the  CTE  mismatch  between  substrate  and 
coating.  One  possible  material  grading  approach  would  be  to  grade  from  a  C-C  substrate  to 
a  C-SiC  substrate,  and  thence  to  a  SiC  coating  by  varying  the  volume  fractions  of  SiC,  carbon 
matrix  and  T300  fiber  as  a  function  of  thickness. 

4.3  FUTURE  WORK 

In  addition  to  functional  material  grading  studies  using  the.  fracture  mechanics  model 
described  above,  alternate  methods  of  minimizing  coating  cracking  will  be  considered.  The 
methods  may  include  coating  process  simulations  which  attempt  to  initiate  coating  cracks  in 
known  locations  to  reduce  str-ess  build-up  between  the  coating  and  substrate.  Subsequent 
processing  steps  would  then  be  used  to  fill  the  known  cracks  with  additional  coating  material 
with  its  own  known  crack  pattern  effectively  staggering  the  coating  cracks.  These  methods 
will  only  be  effective  if  reasonable  (approximate  .25")  crack  spacings  can  be  "built'  into  the 
material. 

Other  methods  which  may  be  considered  are  additions  of  "sacrificial"  layers.  Material 
which  is  added  to  the  composite  structures  and  allowed  to  oxidize  over  time,  giving  the 
material  or  structure  a  known  life  time. 
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■R  n  noNCLUSiONS 


During  the  course  of  this  program,  analytical  tools  were  developed  and  utilized  to  study 
the  thermo-mechanical  interactions  driving  the  oxidation  resistance  of  carbon-carbon 
materials.  The  study  was  conducted  at  two  levels;  Level  1  -  The  Micro-Mechanics  of 
Oxidation  Protection  (MMOP)  Models.  Given  a  basic  fiber  and  matrix  architecture,  how  do 
additives  such  as  particulate  inhibitors,  crack  fillers,  and  fiber  coatings  affect  the  thermo¬ 
mechanical  response  of  the  substrate?  and  Level  2  -  The  Crack  Management  (CM)  Model. 
Given  an  applied  external  ceramic  coating,  what  are  the  material  characteristics  of  the  coating 
and  substrate  which  determine  the  development  of  cracks  in  the  coating?  and.  How  may  this 
crack  network  be  managed  for  maximum  oxidation  resistance? 

The  MMOP  models  were  developed  based  on  proven  composite  micromechanical 
analysis  methods  and  were  incorporated  into  MSC^s  existing  composite  analysis  code 
NDP  9.2.  A  refinement  was  introduced  which  allowed  the  effects  of  a  quantified  substrate 
crack  volume  to  be  included  in  the  analysis.  Previous  analytical  methods  had  dealt  with 
matrix  cracking  through  an  "efficiency  factor". 

Examination  of  the  predicted  transverse  and  axial  bundle  stresses  in  a  typical  ORCG  after 
cool-down  from  elevated  temperature  confirmed  the  existence  of  high  transverse  tensile 
stresses  within  the  fiber  bundles  and  quantified  their  magnitude.  The  development  of  these 
high  tensile  stresses  is  entirely  consistent  with  the  predominance  of  the  observed  transverse 
bundle  failure  mechanism. 

The  crack  volume  analysis  was  correlated  against  experimental  data  from  five  current 
generation  oxidation  resistant  carbon-carbon  substrates.  For  each  substrate,  a  crack  volume 
was  established  and  the  MMOP  model  was  then  utilized  to  study  the  influence  of  various 
crack  fillers  on  the  substrate  thermo-mechanical  properties.  Crack  fillers  were  thought  to  be 
generally  good  for  oxidation  resistance  as  they  tended  to  increase  the  substrate  thermal 
expansion  coefficient.  The  other  major  effect  was  an  increase  in  matrix  dominated  shear 
modulus.  Crack  fillers  had  little  effect  on  in-plane  fiber  dominated  substrate  properties.  In 
terms  of  effectiveness,  high  modulus,  high  expansion  crack  fillers  had  the  most  effect.  Thus, 
the  three  crack  filler  materials  evaluated,  ranked  in  order  of  effectiveness,  were:  SiC  (most), 
Si3N4,  and  BN  (least). 
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An  analytics!  model  of  the  interface  stresses  between  these  crack  fillers  and  the 
substrate,  showed  a  high  tensile  stress  and  a  likely  debonding  of  these  fillers  from  the 
surrounding  substrate.  Thus,  the  benefits  of  crack  fillers  was  determined  to  be  more  in  terms 
of  modifying  the  substrate  mechanical  properties  rather  than  reducing  the  internal  surface  area 
of  exposed  carbon  by  a  crack  sealing  mechanism. 

In  a  similar  fashion  to  the  crack  filler  model,  a  model  for  evaluating  the  effects  of  fiber 
coatings  on  substrate  thermo-mechanical  properties  was  developed  and  encoded  into  NDP 
9.2.  High  modulus,  high  expansion  fiber  coatings  were  found  to  have  the  most  effect  in 
terms  of  increasing  substrate  thermal  expansion,  with  a  corresponding  increase  in  substrate 
matrix  dominated  properties.  In-plane  properties  were  little  affected.  Thus,  the  most  effective 
fiber  coatings  were  determined:  SiC  (most),  Si3N4,  and  BN  (least).  These  MMOP  models 
were  utilized  in  quantifying  the  benefits  of  these  concepts  in  a  0/90  laminate  carbon-carbon 
laminate  with  a  Si3N4  external  overcoat.  The  results  indicated  that  the  thermal  strain 
differential  between  coating  and  substrate  could  be  halved  by  the  use  of  coated  fibers. 

The  development  of  the  microcrack  network  in  the  external  ORCC  ceramic  coating  on 
cool-down  from  process  temperatures  (CM  Model)  was  investigated  using  finite  element  and 
fracture  mechanics  approaches.  The  finite  element  approach  suggested  a  stress  raiser  effect 
of  the  weave  pattern  in  the  surface  ply  of  the  substrate,  and  it  was  thought  that  this  may 
offer  an  approach  for  crack  management  via  proper  consideration  of  ply  weave  architectures. 
However,  on  further  examination,  these  stress  risers  were  found  to  be  of  insufficient 
magnitude  and  insufficient  frequency  to  offer  much  in  the  way  of  crack  management.  One 
other  result  from  the  finite  element  analyses  was  that  there  was  a  significant  edge  effect  zone 
around  the  perimeter  of  any  coated  carbon-carbon  coupon  before  the  full  thermal  strain 
distribution  was  built  up,  and  the  size  and  shape  of  the  test  coupon  will  have  a  strong 
influence  on  development  of  the  crack  pattern.  The  presence  of  these  edge  effect  zones 
should  be  considered  in  the  design  of  oxidation  test  coupons. 

The  fracture  mechanics  based  CM  model  was  more  effective  in  allowing  an  investigation 
of  the  effects  of  various  substrate  and  coating  material  parameters  on  the  development  of  the 
coating  microcrack  network.  These  analyses  quantified  the  effects  of  the  major  driving  forces 
behind  the  initiation  and  development  of  these  cracks  as  the  difference  in  coefficient  of 
thermal  expansion  (CTE)  between  coating  and  substrate  (for  crack  initiation),  and  coating 
fracture  toughness  (for  crack  spacing). 


Cracking  may  be  eliminated  if  the  substrate:coating  CTE  ratio  is  greater  than  0.8,  but 
with  ORCC  materials  it  is  unlikely  that  this  ratio  will  be  achieved  with  the  conventional  range 
of  coating  materials. 

Given  that  coating  cracking  is  a  fact  of  life,  management  of  oxidation  resistance  requires 
a  coating  crack  management  strategy  which  minimizes  the  open  crack  area  (which  controls 
the  amount  of  oxygen  penetrating  the  coating),  but  maximizes  the  number  of  cracks  formed 
to  accommodate  the  thermal  strain.  This  would  be  accomplished  by  maximizing  the 
substrate rcoating  CTE  ratio,  and  by  minimizing  the  coating  fracture  toughness,  i.e.,  high 
expansion  substrates  with  weak,  low  expansion  coatings.  Unfortunately,  the  program  ended 
before  these  recommendations  could  be  evaluated  in  practice. 

One  final  crack  management  note.  The  very  fine  spacing  measured  for  the  coating  crack 
spacings,  of  the  order  of  0.01  to  0.02  in.,  would  appear  to  indicate  the  impracticality  of  crack 
management  via  some  extrinsic  means  such  as  the  placement  of  crack  initiation  artifacts  as 
a  pre-coating  surface  preparation  step,  and  that  intrinsic  material  modifications  (lowering  of 
the  coating  G|c)  are  the  only  practical  options. 


6.0  TECHNICAL  INTERACTIONS  AND  TECHNOLOGY  TRANSFER 


6.1  TECHNICAL  INTERACTIONS 

During  the  course  of  this  program,  the  following  presentations  were  made  in  order  to 
disseminate  the  objectives,  approach,  and  findings  of  this  program  to  the  ORCC  research 
community: 

•  "Some  Observations  on  ORGC  Oxidation",  Presented  at  the  18th. 

Annual  Conference  on  Composites,  Materials  and  Structures,  American 
Ceramic  Society,  January  1 994. 

•  "Thermo-Mechanical  Considerations  in  the  ORCC  Oxidation  Process", 

Presented  at  Air  Force  Carbon-Carbon  Conference,  Pennsylvania  State 
University,  Sept.  1 994. 

•  "Thermo-Mechanical  Analysis  of  Oxidation  Resistant  Carbon-Carbon", 

Presented  at  the  19th.  Annual  Conference  on  Composites,  Materials 
and  Structures,  American  Ceramic  Society,  January  1995". 

Following  the  Penn  State  presentation  a  visit  was  made  to  the  ORCC  group  at  WL/ML, 
WPAFB,  Dayton,  OH,  with  regard  to  acquiring  some  of  their  surplus  materials  for  crack 
management  studies.  Unfortunately,  these  materials  did  not  become  available. 

Material  property  prediction  and  bundle  data  generated  under  the  MMOP  model  were 
supplied  to  Prof.  Whitcomb  of  Texas  A&M  University  for  utilization  in  their  weave  architecture 
models. 

6.2  TECHNOLOGY  TRANSFER 


While  the  objective  of  this  program  made  specific  reference  to  thermo-mechanical 
interactions  in  ORCC  materials,  there  is  nothing  unique  to  these  materials  which  precludes 
utilization  of  these  models  in  other  material  systems  where  the  effects  of  fiber  coatings  and 
matrix  cracks  are  important.  Similarly,  the  fracture  mechanics  Crack  Management  model  is 
applicable  to  any  brittle  coating  on  an  elastic  substrate. 
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At  the  time  of  writing,  the  following  activities  are  in-progress,  or  have  been  completed, 
with  regard  to  utilization  of  the  ORCC  models  in  other  programs: 

•  "Continuous  Fiber  Ceramic  Composites  (CFCC)  Program"  Under  this 
DoE  sponsored  program,  MSC,  under  contract  to  Martin  Marietta 
Energy  Systems,  has  integrated  the  MPCCA  fiber  coating  module  into 
the  CFCC  Macro-Mechanics  design  and  analysis  software  utility  - 
CLASS-CFCC.  This  utility  program  is  currently  being  made  available 
to  those  participants  in  the  CFCC  program. 

•  "CFCC  Material  Modeling  and  Design  Support"  Under  this  subcontract 
to  Amercom  Inc.,  Chatsworth,  CA,  MSC  is  using  the  MMOP  model  to 
develop  properties  for  candidate  CFCC  materials  for  industrial  and 
automotive  applications. 

•  "Rapid  Densification  of  Carbon-Carbon  Components"  Under  this  ARPA 

sponsored  program,  MSC,  under  contract  to  Textron  Specialty 
Materials,  has  applied  the  fracture  mechanics  crack  management 
model  to  assist  in  the  design  and  fabrication  of  functionally-gradient 
crack  resistant  C-SiC  materials. 
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